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ABSTRACT
The traditional TRS has been extensively used as a traffic calming device to provide
cognitive alerts in the form of sound and vibration to drivers. However, TRS always remains fixed
on the road and thus exerts cognitive alerts, irrespective of any potential downstream hazards.
Moreover, the continuous exposure to rumble strips has been identified as a source of discomfort
and annoyance for drivers, which limits its application to potentially useful scenarios. This study
explores a rumble strip design with dynamic behavior named as Demand-Responsive Transverse
Rumble Strip (DRTRS) in order to address the limitations of static TRS. The study incorporates
DRTRS’ appropriate design dimensions and operation scheme, sound and vibration effect, speedreducing effect, and pedestrian demand-based activation. In methodological procedures, the study
explored four main aspects of DRTRS for designing and evaluating its effectiveness, which
includes identification of optimum design dimensions, quantitative experimentation of in-vehicle
sound and vibration, quantitative analysis of DRTRS effectiveness on drivers’ speed reductions,
and prediction of the pedestrian demand for the activation mechanism of the DRTRS system. The
study identified and selected the optimum width and depth of the rumble units of the DRTRS
system prototype. The system was found to be effective in engaging the auditory and haptic senses
of drivers, by generating discernible in-vehicle sound and vibration. Thereafter, the engagement
of drivers’ cognitive senses yielded by the system had a significant effect on reducing vehicle
speeds. In addition, the system can be set for flexible activation length based on the need from the
crosswalks identified by pedestrian presence and prediction algorithms.
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CHAPTER 1: INTRODUCTION
The purpose of this dissertation is to develop and evaluate a methodology for implementing
the Demand-Responsive Transverse Rumble Strip (DRTRS) system as a new traffic safety
countermeasure. With the topic of the dissertation being pedestrian safety at crosswalks, this
chapter introduces an overview of pedestrian crashes and related factors, related research and
practices with countermeasures, and their shortcomings. Then, the research gaps and research
objectives are discussed in the last section of this chapter.

1.1

PEDESTRIAN CRASHES DUE TO DISTRACTED DRIVING
Approximately 26% of fatal crashes occurring in the United States are intersection-related

crashes (Torbic et al. 2015a). In 2018, traffic crashes at intersections accounted for 8,245 fatalities,
among which 24% were pedestrians and bicyclists, who were hit by traffic control violators
ignoring stop signs at intersections (“FHWA Office of Safety | Roadway Safety Professional
Capacity Building” 2019). Unfortunately, the United States has been suffering over the past several
years from increasing numbers of crashes associated with factors such as distraction, fatigue,
dizziness, and low visibility (Highway Traffic Safety Administration and Department of
Transportation 2019).
Of these factors, distracted driving has become a significant concern over the years, as it
accounts for a relatively large portion, being a single factor at about 9% of total traffic fatalities in
2017 (Highway Traffic Safety Administration and Department of Transportation 2019). Driving
ability can be compromised, or even impaired, by different types of distractions (e.g., visual,
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manual, and cognitive distractions), which are termed “distraction-affected crashes” (“Distracted
Driving in Fatal Crashes, 2017” 2019).
Among fatalities due to distraction-affected crashes, 14% involved cell phone usage
(Wilson and Stimpson 2010). The National Highway Traffic Safety Administration (NHTSA)
states that a driver texting or reading a text on cell phone while driving often takes their eyes off
the road for more than five seconds. This is translated to around 400 ft, approximately the length
of an entire football field if vehicle speed is 55 mph (“Distracted Driving | NHTSA” 2006). With
the growing use of cell phones while driving, distraction-affected crash fatalities are increasing
(Wilson and Stimpson 2010).
Given the significance of this concern, several studies were conducted to better understand
the issue, along with the contributing reasons and factors. To mention a few, several studies
(Ascone et al. 2009; Box 2009; Nelson et al. 2009) compared the difference between texting and
talking on cell phones while driving. One study found that, while talking on a cell phone, a driver’s
eyes may remain on the roadway (Box 2009); however, texting distracts visual attention off the
roadway to the cell phone. Talking on cell phones while driving still likely contributes to 30%
more crashes compared to regular drivers (Box 2009), whereas texting on cell phones may increase
the likelihood of crash occurrence 23 times higher than normal driving (Box 2009). To address
distraction-affected crashes, associated with cell phone usage and other issue that occur at
intersections with pedestrians/ bicyclists, several countermeasures are in practice, which are
discussed in the following section.
1.2

PRACTICED COUNTERMEASURES AND SHORTCOMINGS
Many countermeasures to alleviate distraction-affected driving (e.g., slow down or stop)

are in use. Examples are visual signs and signals that alert drivers with visual attention; however,
2

they may suffer from ineffectiveness at night or in adverse weather conditions (Boyce 2009). Other
types of countermeasures that pertain to auditory and tactile senses are devices installed on roads,
such as speed bumps or Transverse Rumble Strip (TRS). In contrast to visual signs and signals,
these devices engage the driver’s physical senses with auditory and tactile alerts in the forms of
in-vehicle sound and vibration, and thus, are not negatively impacted by the adverse nature of
external sight conditions.
Research has shown the effectiveness of TRS as a traffic safety countermeasure in various
studies. One study (Afukaar 2003) reported TRS can reduce traffic crashes by 35%, fatalities by
55%, and pedestrian hits by 51%, while other studies (Corkle et al. 2002; Harwood 1993) reported
a potential reduction of crashes from 40% to 100%. However, its effectiveness can be arguable.
The National Cooperative Highway Research Program (NCHRP) evaluated these studies as small,
poorly designed, and inconclusive (Imprialou and Quddus 2019). As crashes are rare and random,
research using one or two sites for testing is unlikely to adequately capture real safety effects
(Sayed et al. 1998).
Due to the difficulty related to making conclusions on the effectiveness of traffic safety
countermeasures, there are several other surrogate measures (e.g., vehicle speed, gap time,
deceleration time), among which vehicle speed is the most common (Gates et al. 2008; Katz et al.
2008; Sayed et al. 1998). Vehicle speeds can be direct measures of drivers’ responses to perceived
alerts. In the case of TRS, change in vehicle speed is the causal effect of the exerted in-vehicle
sound and vibration induced by TRS (Liu et al. 2011; Othman et al. 2015; Summer and Shippey
1977). TRS was found effective in reducing speeds by one to five mph (Fitzpatrick et al. 2003;
Harder et al. 2006; Harwood 1993; Kermit and Hein 1962; Owens 1967; Xue et al. 2019; Zaidel
et al. 1986). From these studies, a speed reduction by one to two mph was the most common at
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intersections or crosswalks (Fitzpatrick et al. 2003; Thompson et al. 2006). Some studies
(Fitzpatrick et al. 2003; Owens 1967) reported statistical significance of speed reductions for
validity.
Despite the identified benefits, the effectiveness is questionable. First, the speed reduction
is minimal, so its translated effect on fatality reduction is still unknown. In addition, TRS can be
less effective when cross-traffic is visible on both sides of the road (Harder et al. 2006). Looking
at long-term effectiveness, TRS is found to suffer from diminished effectiveness over time (Miles
et al. 2006; Yang et al. 2016). The rumbles of TRS being static provides alerts regardless of need,
even when there is no pending downstream event, e.g., a pedestrian presence (Miles et al. 2006).
Continuous exposure to false alerts can result in other types of undesired driving modes including
making erratic maneuvers, for example, swerving out of a lane to avoid the unwanted sound and
vibration exerted by static rumbles (Fontaine and Carlson 2001; Miles et al. 2006; Porter et al.
2004). Studies (Miles et al. 2006; Porter et al. 2004) have shown that 7%-18% of drivers with fourwheel vehicles, i.e., sedan, SUV, minivan etc., attempt to avoid TRS by taking their vehicles out
of the lane. TRS shows many benefits, but are clearly limited with several drawbacks; therefore,
this study proposes a new countermeasure, as described in the subsequent section.
1.3

PROPOSAL FOR THE NEED OF A NEW COUNTERMEASURE
Given the drawbacks associated with TRS, this study proposes a newly designed traffic

safety counter measure, as an alternative design of TRS with on-demand activation of rumble units.
Based on its activity pattern, the proposed alternative is named as the Demand-Responsive
Transverse Rumble Strip (DRTRS) system. Instead of being static rumble units, the proposed
design, i.e., the DRTRS system, is dynamic in the operation of its rumble units activated based on
the combined or standalone activities of pedestrian presence on the roadway, excessive speed of
4

approaching vehicles, and other relevant roadway activities. The on-demand activation of the
DRTRS’ dynamic rumble units can address the issues identified with TRS by offering the
following benefits:
•

Drivers will have the regular roadway experience most of the time, as the rumble units of
DRTRS will remain level to the roadway surface (inactive) if no downstream event is
specified.

•

There will be no experience of unwanted sound or/and vibration when DRTRS is inactive.

•

DRTRS will reduce erratic driving maneuvers (used to avoid TRS).

•

Drivers will not become accustomed to the DRTRS system presence due to its on-demand
deployment.

•

At the active stage (raised/ recessed), DRTRS will work as traditional TRS to alert drivers
about potential downstream events.
Unlike the traffic safety countermeasures that have been used in the past, DRTRS is new

in design and application, and has no prior related information or data about its effectiveness.
Therefore, this research seeks to answer various questions related to DRTRS and its performance
in the development of the dissertation work.
1.4

KNOWLEDGE GAPS
To improve pedestrian safety, this study proposes to retrofit roadway zones upstream of

pedestrian crossings at intersections, or crosswalk areas, with DRTRS. As the name indicates, the
alerting mechanism is designed to operate on demand, rather than continuously providing alerts as
TRS does. Throughout the DRTRS system development process, it has been imperative to
investigate various efficiency and performance aspects through scientific experimentation.

5

Reviewing previous relevant literature, the study identified the following research questions that
are answered in the conduct of this research:
•

Q1: What should the design characteristics of DRTRS be? How can the design be
implemented to work reliably on a roadway?

•

Q2: Does DRTRS generate in-vehicle sound and vibration above the discernible limit?
Alternatively, is DRTRS effective in engaging drivers’ cognitive inputs?

•

Q3: Is there any reduction in speed after crossing DRTRS rumble units? Alternatively,
does DRTRS have any impact on speed reduction?

•

Q4: How can pedestrian crossing demand be estimated/predicted (with deep learning)?

In response to the above-mentioned research questions, this study examines the potential
knowledge gaps that need to be investigated related to each question, as follows (corresponding
question numbers are in parentheses):
•

Design, installation, and operation of the DRTRS system (Q1)

•

In-vehicle sound and vibration that can potentially engage drivers’ attention (Q2)

•

DRTRS’ impact on drivers’ speed reducing behavior (Q3)

•

Effect of pedestrians’ status on DRTRS’ activation plan (Q4)

As the DRTRS system is a new design, its effectiveness and performance should be
scientifically tested following the guidelines of the Manual on Uniform Traffic Control Devices
(MUTCD) before proposing it for commercial use (“FHWA - MUTCD - 2003 Edition Chapter
6F” 2003). This study attempts to address several current knowledge gaps. This has been
determined through a literature review of TRS and its effectiveness as a traffic safety
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countermeasure, as well as the limitations of any practices that could potentially be addressed with
the proposed new design.
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CHAPTER 2: LITERATURE REVIEW
Chapter 2 is organized to provide directive guidance on this research in its development,
experimental methods, and DRTRS validation. As DRTRS shares similar functionalities with
TRS, along with unique mechanisms to overcome the ineffectiveness and challenges of TRS, this
chapter conducts an in-depth review on TRS on various aspects related to system setup and
demonstration/validation methods.
2.1

TRS STUDIES
The DRTRS system is a new proposed countermeasure, and there is no prior research on

it. To build adequate research grounds for the DRTRS system, this research uses past research on
TRS, due to their similarities. Accordingly, the study reviewed literature on associated TRS
research parameters, such as dimensions, sound and vibration, crash reduction, and driving
behavior changes. This review on TRS aided the study to determine the design dimensions of
DRTRS rumble units, along with the anticipated benefits of DRTRS in the form of sound and
vibration, as well as their effects on driving behavior.
2.1.1 Dimensions of TRS
For determining the ideal dimensions of DRTRS rumble units, the study reviewed national
and international practiced TRS dimensions. This comprehensive review on TRS dimensions that
are in wide use in different US states, and in other countries as well, provided insight about
selecting the appropriate dimensions of new DRTRS rumble units. The list of reviewed dimensions
for US states and other countries are provided in tabular format, as presented in Table 1 and Table
2, respectively.

8

Table 1: Dimensions and Design Criteria for Transverse Rumble Strip Practiced by Different States
States

Raised/

Length

Number

Strip

Strip

Height

Strip

Number

recessed

of TRS

of strips

width

spacing

or

length

of strip

set

in set

(in)

(center-to-

depth

(ft)

Sets

center)

(in)

(ft)

Citations

(in)
Alabama

Raised

6.67

5

8

18

0.625

Variable

5

Arkansas

Recessed

10.33

5

3.5 to 5

N/A

1.5

Full Lane

N/A

Colorado

Recessed

11.33

12

4

N/A

0.5

Full Lane

5

Florida

Raised

5.17

6

2

N/A

0.5

Full Lane 7
– 1.5 ft

Georgia

Raised

20

N/A

N/A

N/A

N.P.

Full Lane

3

Hawaii

Raised

24

9

N/A

N/A

N.P.

3 ft

N/A

Idaho

Recessed,

11

8

6

N/A

N/A

N/A

6

17

12

6

N/A

N/A

N/A

N/A

Pattern A
Recessed,
Pattern B

9

(Harwood 1993)

States

Raised/

Length

Number

Strip

Strip

Height

Strip

Number

recessed

of TRS

of strips

width

spacing

or

length

of strip

set

in set

(in)

(center-to-

depth

(ft)

Sets

center)

(in)

(ft)

(in)
Illinois

Iowa

Recessed

25

25

4

N/A

0.188

Full Lane

3

Raised

25

19

8

N/A

0.188

Full Lane

Recessed

24

25

4

N/A

0.375

Full Lane 3
– 1.5 ft

Kansas

Recessed

24

25

4

N/A

0.375

Full Lane

3

Kentucky

Raised

24.67

10

8

N/A

0.375/

Full Lane

N/A

Full Lane

3

5

0.5
Michigan

Recessed

3.33

4

4

N/A

0.3750.5

Mississippi

Raised

8.5

9

4-8

N/A

0.5/ 1

Full Lane

Nebraska

Raised

24.5

17

6

N/A

Max

2 @ 3.5 ft 2

0.75

10

Citations

States

Raised/

Length

Number

Strip

Strip

Height

Strip

Number

recessed

of TRS

of strips

width

spacing

or

length

of strip

set

in set

(in)

(center-to-

depth

(ft)

Sets

center)

(in)

(ft)

(in)
Recessed

North

Recessed

Dakota

24.33

25.33/

19

4

N/A

Max

Full Lane N/A

0.75

– 1 ft

26/ 16

4

N/A

0.375

Full Lane

6

19/ 12

8

N/A

N.P.

Full Lane

N/A

15.33
Raised

24.67/
15.33

Ohio

Oklahoma

Raised

12.67

10

8

N/A

0.25

Full Lane

10

Recessed

11.33

12

4

N/A

0.5

Full Lane

N/A

Recessed

2.85/

5

8/ 12

N/A

0.875/

Full Lane

3

Full Lane

N/A

N.P.

5

4.33
Raised

20

0.5
15

8

N/A

0.500.75

Oregon

N/A

4.33

5

N.P.

N/A

N.P.
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Citations

States

Raised/

Length

Number

Strip

Strip

Height

Strip

Number

recessed

of TRS

of strips

width

spacing

or

length

of strip

set

in set

(in)

(center-to-

depth

(ft)

Sets

center)

(in)

(ft)

Citations

(in)
South

Raised

24.5

17

6

N/A

0.5

2 at 3.5 ft

2

Recessed

11.33

12

4

N/A

Max

Full Lane

10

3

Dakota
West
Virginia
Wisconsin

Minnesota

0.75
Raised

4.33

4

4

N/A

0.375

Full Lane

Recessed

23.25

24

3

N/A

0.5

Full Lane

N/A

4.9

N/A

6

11.8

0.4

3.3

3 to 5

(Villwock-Witte

and

Veneziano 2013)
Iowa

N/A

24

N/A

4

12

0.375

12

3

(Bahar et al. 2005)

Missouri

N/A

24

25

4

12

0.375

12

N/A

(Engineering_Policy_Guide
2020)
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States

Raised/

Length

Number

Strip

Strip

Height

Strip

Number

recessed

of TRS

of strips

width

spacing

or

length

of strip

set

in set

(in)

(center-to-

depth

(ft)

Sets

center)

(in)

(ft)

Citations

(in)
New

N/A

12

7.33

11.33

11

N/A

Mexico
Colorado

(Villwock-Witte

and

Veneziano 2013)
Raised

11.33

12

4

12

0.25

Lane

N/A

(CODOT 2006)

Width
Recessed

11.33

12

8

12

0.5

Lane

N/A

Width
Texas

Raised

5

6.30

24

0.39

(Carlson and Miles 2003;
Thompson et al. 2006)

Alabama

Raised

5

5.5 to 9

14 to19

0.11 to
0.21

13

(Yang et al. 2016)

Table 2: Dimensions and Design Criteria for Transverse Rumble Strip Practiced by Different
Countries
Country

Number of

Strip spacing

Height or

Strip

strips in set

(center-to-center)

depth (in)

width

(in)

Citations

(in)

China

3

23.62

0.35

5.91

(Liu et al. 2011)

Malaysia

NA

2.36

0.236

1.18

(Haron et al. 2017)

Malaysia

3

108

0.12 to 0.28

11.81

(Othman et al. 2015,
2016)

Malaysia

33

104

0.12

23.62

(Haron et al. 2019)

Malaysia

6

3.15

0.20

1.58

(Haron et al. 2013)

Thailand

10

19.69 to 23.62

0.12 to 0.28

3.94

Australia

N/A

Brazil

N/A

6.30

to (Thanasupsin et al.

7.87

2011)

0.39

23.62

(Godley et al. 2002)

0.98

3.15

(Pimentel

et

al.

2014)
South

N/A

11.81

0.39

3.94

(An et al. 2017)

Korea

From the reviewed literature on dimensions, four important parameters were considered in
the design of the DRTRS prototype. These parameters are: 1) number of strips in a set; 2) strip
width; 3) center-to-center strip spacing; and 4) height/ depth of rumble units.
Number of strips: Among the TRS practices within the US states, as presented in Table 1,
there are a wide variety in the number of strips in a TRS set, ranging from 4 to 26 (Harwood 1993).
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For international practices, the variations are even bigger, ranging from 3 to 33 strips (Bahar et al.
2005; Haron et al. 2019). However, 5 rumble units in a set is the most common, practiced by
Alabama, Oklahoma, Oregon, and Texas (Carlson and Miles 2003; Harwood 1993; Thompson et
al. 2006; Yang et al. 2016).
Strip width: No specific strip width was found in international practices, as presented in
Table 2. In the United States, there are also many variations in statewide practices (see Table 1).
As reviewed in the literature related to different states, strip width varies from 2 to 9 inches
(Harwood 1993; Yang et al. 2016). There are also several examples where a single state uses
different strip widths. For example, Colorado, Illinois, North Dakota, and Ohio use both 4 and 8
inches as their strip width dimensions (CODOT 2006; Harwood 1993). Nebraska, Oklahoma, and
Wisconsin also use two different dimensions for strip width, as stated as 4 and 6 inches, 8 and 12
inches, and 3 and 4 inches, respectively (Harwood 1993). Among all the available practices, 4
inches for strip width is the most common.
Center-to-center strip spacing: Among the available information on center-to-center strip
spacing, 12 inches is the most common in practice (Bahar et al. 2005; CODOT 2006;
Engineering_Policy_Guide 2020; Villwock-Witte and Veneziano 2013). There are few practices
in which doubled center-to-center strip distances (24 inch) were observed, among which Texas,
China, and Thailand are notable to mention (Carlson and Miles 2003; Liu et al. 2011; Thompson
et al. 2006).
Height/ depth: The heights/depths of the rumble units for both international and US states
practices are presented in Table 1 and Table 2. Among the practices, the height/depth variations
are from 0.11 to 0.98 inches (Pimentel et al. 2014; Yang et al. 2016). There are also multiple
height/depth variations observed in certain states. The reviewed heights/depths indicate that 0.5
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inch is the most common in practice. These available dimensions (number of strips, strip width,
center-to-center distance, height/ depth) from TRS research help the current study to determine the
design dimensions for the DRTRS prototype complying with the maximum jurisdiction practices.

2.1.2 In-vehicle and Roadside Sound and Vibration Generated by TRS
Active DRTRS is expected to exert in-vehicle and roadside sound and vibration as TRS
does. Because of a similar alerting mechanism and limited knowledge about DRTRS, the study
reviewed in-vehicle and roadside sound and vibration generated by TRS to have a comprehensive
understanding about potential alerting effect of DRTRS application.
In-vehicle sound and vibration: From the literature on TRS, it was found that in-vehicle
sound and vibration are increased with increased TRS’ width (Miles and Finley 2007); given that
tires yield to get maximum deflection (Meyer, Eric et al. 2006). In-vehicle sound and vibration
have been found to increase significantly with an increase of depth or height (Meyer, Eric et al.
2006); however, (Miles and Finley 2007) argued with that statement.
Generally, semicircle shaped TRS yields more in-vehicle vibration than rectangular ones
(An et al. 2017), and TRS with a 3.94-inch width and 0.26-inch depth rumble have demonstrated
the highest increase in in-vehicle vibration, at 2.55 ms-2. Other TRS rumble dimensions, for
example, a 5.91-inch width with a 0.50-inch height and a 3.94-inch width with a 0.50-inch height,
exhibit changes of 2.25 ms-2 and 1.57 ms-2 of in-vehicle vibrations, respectively (Yang et al. 2018).
TRS allow the mechanisms that typically engage the acoustic and haptic senses to regain
drivers’ attention in response to a downstream event, prompting them to take preventive action
(An et al. 2017; Miles et al. 2006; Yang et al. 2016). As different levels of sound and vibration
offer varying effectiveness at providing secondary alerts to drivers, especially those who are
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distracted. The literature gives various findings related to discernible sound limits. One study
indicated that an increase in sound level from an ambient sound level of 4 dBA is discernible
(Outcalt 2000), while another study indicated that the discernible sound level is 7 dBA (Terhaar
and Braslau 2015). An additional study identified that a change of 2.5 ms-2 of in-vehicle vibration
is the discernible vibration limit, which can sufficiently stimulate the drivers’ haptic senses (Yang
et al. 2016). Based on this information available from the literature, the discernible limits of
increase in in-vehicle sound and vibration are 7 dBA and 2.5 ms-2, respectively, which are being
used as the standards for the quantitative analysis of DRTRS cognitive inputs to drivers.
Roadside sound and vibration: Several research studies were performed to evaluate the
effectiveness of TRS in terms of generating extra roadside sound and vibration compared to
ambient roadway conditions (without TRS installed) (Gardner et al. 2007; Russell et al. 2003).
Different TRS rumble dimensions (width 1.97-inch, depth 0.39-inch, center to center distance
7.87-inch; width 3.94-inch, depth 0.39-inch, center to center distance 11.81-inch; width 0.35-inch,
depth 0.24-inch, center to center distance 1.85-inch; and width 11.81-inch, depth 0.24-inch, center
to center distance 108.27 inch) can create additional audible roadside sounds compared to ambient
roadway conditions (An et al. 2017; Haron et al. 2012). A TRS rumble with a 3.94-inch width,
0.39-inch depth, and 11.81-inch center to center distance has been found to create the highest
additional roadside sound of 17 dB, when compared to a normal roadway without TRS (An et al.
2017).
Roadside sounds generated by TRS are also dependent on vehicle speed and type (Haron
et al. 2019). Traffic sound levels increase by 13 dB when speed is increased from 25 mph to 62
mph; sedans, minivans, and trucks generate extra roadside sounds of 11 dB, 10 dB, and 7 dB,
respectively (An et al. 2017). This available roadside sound reported from TRS research help the
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current study to have prior knowledge about the anticipated roadside sounds from designed
DRTRS. Note that there is no available information from the previous study about roadside
vibration, as exerted from TRS.
2.1.3 Crashes Reduced by TRS
One of the major benefits of DRTRS is its potential to reduce crashes; however, that
information is yet unavailable as this is a new system and requires a long time of data collections
(typically years of data collection). To acquire prior knowledge on crash reduction, the study
reviewed the literature on TRS crash reductions, which are closest in resemblance to DRTRS
functionality. This discussion on crash reduction aided the study to have ideas about DRTRS
potential effectiveness on traffic and pedestrian safety.
Many studies have presented positive correlations between in-vehicle sound and vibration
and crash reduction (Hurwitz et al. 2019; Yang et al. 2018), confirming TRS’ effectiveness
creating additional in-vehicle sound and vibration, and reducing crashes of up to 60% (Srinivasan
et al. 2010; Torbic et al. 2015b). Some researchers reported that TRS could reduce total crashes at
intersections from 29% to 100% (Carstens and Woo 1982; Fontaine and Carlson 2001; Kermit and
Hein 1962; Moore 1987; Owens 1967; Summer and Shippey 1977), and fatal ones from 14% to
93% (Fontaine and Carlson 2001; Moore 1987; National Research Council (U.S.). Transportation
Research Board. et al. 2008; Srinivasan et al. 2010). One study explored the ability of TRS to
reduce crashes at four study sites in California (Kermit and Hein 1962), and concluded that they
could reduce intersection-related crashes by 59% to 100%. Another study supported TRS’
effectiveness, finding that they could reduce crashes by up to 50% (Owens 1967). Similarly, other
studies conducted research on TRS at 21 sites in Iowa and 24 sites in Louisiana, respectively
(Carstens and Woo 1982; Moore 1987). Their research concluded that TRS reduced total crashes
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up to 51%, including 14% of fatality and injury crashes. Additionally, another study found TRS to
be significantly effective, reducing fatality and injury crashes at intersections from 31% to 69%
(Srinivasan et al. 2010).
TRS have had mixed results related to Ran-Stop-Sign crashes. Studies have found them
effective to prevent Ran-Stop-Sign crashes at intersections up to 50% (Carstens and Woo 1982;
Srinivasan et al. 2010). Further, one study in Illinois found TRS as effective measure to reduce
Ran-Stop-Sign crashes to almost half (Illinois Division of Highways 1970). However, another
study argued that TRS is not effective in reducing Ran-Stop-Sign crash frequency (Harder et al.
2006), as intersections with or without TRS had the same crash frequency in their study.
Given that crashes are rare and random, researchers using one or two sites for testing are
improbable to adequately capture safety effects (Sayed et al. 1998). For example, to mention a
study with only one intersection, TRS was found effective to reduce traffic crashes by 35%,
fatalities by 55%, and pedestrian hits by 51% (Afukaar 2003). Similarly, additional studies with
few test sites found TRS effective to reduce crashes from 40 to 100% (Corkle et al. 2002; Harwood
1993); however, the NCHRP has reported those studies to be small, poorly designed, and
inconclusive (Imprialou and Quddus 2019). A summary table of TRS’ crash reduction effects is
provided in Table 3.
In response to the randomness and rareness of crash events, several parameter metrics, such
driving behavior changes, gap time, deceleration time, and stopping distance proportion, can be
associated with traffic and pedestrian safety, with changes in driving behavior (changes in vehicle
speed) being the most common (Gates et al. 2008; Katz et al. 2008; Sayed et al. 1998). The
associated state of art methods to change this behavior are described in the following section.
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Table 3: Crash Reduction Effects of TRS
Location

Number

of Type of sites

sites

Safety

Percent change in Statistical

measures

safety measure (-ve significance

Citations

crash decrease, +ve
crash increase)
California

4

Intersection

Total

-59 to -100

Not stated

(Kermit and Hein
1962)

California

1

Intersection

Ran-STOP-

-50

Not stated

sign

(Kermit and Hein
1962)

Minnesota

2

Intersection

Total

-50

No

(Owens 1967)

Illinois

5

Intersection

Total

+5

Not stated

(Illinois Division of

Ran-STOP-

-50

Highways 1970)

sign
Virginia

9

Intersection

Total

-37

Fatal

-93

Injury

-37

PDO

-25

20

Not stated

(Harwood 1993)

Location

Number

of Type of sites

sites

Safety

Percent change in Statistical

measures

safety measure (-ve significance

Citations

crash decrease, +ve
crash increase)
Iowa

21

Primary
intersection

highway Total
Ran-STOP-

-51

Yes

(Carstens and Woo

-38

No

1982)

-1

No

+3

No

sign
Secondary
intersection

highway Total
Ran-STOPsign

Israel

1

Intersection

Right Angle

-50 to -67

No

(Zaidel et al. 1986)

Louisiana

24

Intersection

Total

-29

Not stated

(Moore 1987)

Fatal & Injury

-14

Not stated

Daytime

-14

Not stated

Nighttime

-50

Not stated

Total

-40

Not stated

Ran-STOP-

-59

Not stated

Pennsylvania

8

Intersection

sign

21

(Harwood 1993)

2.1.4 Changes in Driving Behavior in Response to TRS
It is expected that the driving behavior changes in response to DRTRS would be similar or
superior, compared to that resulting from the response to TRS. Therefore, to develop comparative
knowledge, the study reviewed another important parameter that is associated with the system
safety effectiveness, which is the change in driving behavior in response to TRS. This review helps
the study determine TRS’ effect on driving behavior, which is relatable to DRTRS.
TRS have been reported to reduce approaching upstream vehicle speeds, which can be a
good approximation of traffic safety (Gates et al. 2008; Katz et al. 2008; Liu et al. 2011; Tey et al.
2013; Zhao et al. 2018). One study evaluated TRS’ effectiveness in terms of speed reduction (Katz
et al. 2008), given direction, length, speed limit, experimental marking, and participant age as
regressor variables; one-fifth of drivers slowed down when approaching TRS at speeds of 60/80
mph (Katz et al. 2008). Speed was also reduced on straight and curved roadway sections up to
28.3% and 17.1%, respectively, on approaching TRS (Katz et al. 2008). TRS has been reported as
more effective for vehicles at speeds ranging from 37 to 50 mph, as speed was reduced up to 5.7
mph and 7.4 mph, respectively (Liu et al. 2011).
TRS can reduce the speed of vehicles approaching intersections, resulting in fewer RanStop-Sign crashes. Another study compared speed changes due to TRS to determine their effect as
a warning device to drivers approaching an intersection or highway (Thompson et al. 2006), by
evaluating their effectiveness on approaches to rural stop-controlled intersections, and found no
significant speed changes at the intersections. Among the study sites used, 33% had reduced speeds
of greater than one mph; vehicle speed reduced significantly at night, but there was no significant
change for the daytime. Additionally, based on a weekly comparative scenario, speed was reduced
significantly on weekends, but remained the same on weekdays.
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In a review paper, TRS’ effectiveness studies on speed reductions were synthesized and
reviewed (Gorrill 2007). From the researcher’s summary, TRS in Texas reduced speeds by equal
to or less than one mph, whereas for Minnesota it was up to two-five mph. Another study
conducted in Texas that recommended using two consecutive TRS before an intersection, which
are likely to be more effective by reducing speeds 47% (Yathiraju 2015). Another TRS study on
international practice (Liu et al. 2011) that evaluated the effects of TRS in reducing speeds and
crashes at intersections in China. The researchers used radar guns at 23 locations under usual
weather and traffic conditions to measure vehicle speeds with the precision of ±0.62 mph. They
identified significant speed reductions for different posted speed limits, ranging from 5.6 to 7.46
mph. Accordingly, the study recommended using TRS before pedestrian crossings or intersections,
based on observations of drivers’ behavior as form of speed reductions on approaches to TRS.
2.1.5 Limitations of TRS
The study also reviewed the shortcomings of TRS, which can potentially be overcome with
DRTRS. Because of the dynamic nature of the developed system, it has several benefits, which
were identified as limitations of TRS.
Despite demonstrating TRS’ value as traffic calming devices, they can also cause negative
driver responses. For example, erratic maneuvers or swerving out of a lane occur to avoid
unwanted sound and vibration exerted by the static rumbles (Fontaine and Carlson 2001; Miles et
al. 2006; Porter et al. 2004). One study collected 15 hours of video data to analyze erratic driving
behavior associated with TRS (Miles et al. 2006). The authors did not find any swerving
maneuvers or sudden braking from vehicles approaching TRS, but they found that drivers often
changed lanes to avoid the TRS. Up to 18% of observed vehicles shifted lanes to avoid contact
with TRS; however, it was not statistically significant (Miles et al. 2006; Porter et al. 2004). TRS
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affects motorcyclists as well, mostly causing them to veer dramatically off a lane to avoid
vibrations (Miles et al. 2006). Another study also found erratic maneuvers in their field
experiments (Fontaine and Carlson 2001), especially in crossing zones when there was no
oncoming traffic, but they were not statistically significant. Moreover, the effect of TRS on speed
reduction lasts for only a short time, as drivers gradually become accustomed to the presence of
TRS on a certain section of a roadway (Gates et al. 2008).
2.2 SUMMARY ON LITERATURE REVIEW
A comprehensive literature review on TRS and their effectiveness on sound and vibration,
as well as changes in driving behavior, assisted the study to setup the research goals and objectives
for newly developed DRTRS. For example, the dimensions from TRS, as reviewed, aided the study
to select an appropriate dimension for DRTRS rumble units from the available practices.
Moreover, the reviews helped to provide quantitative knowledge on TRS’ cognitive inputs in the
form of sound and vibration, as well as their discernible limits. This helped the current study to
develop a research objective on quantifying that cognitive inputs from DRTRS. In addition,
another research objective on speed reductions due to DRTRS is attributed to the knowledge
acquired by reviewing the literature on TRS. The learning from the review on TRS studies helped
the study to formulate the research goals and objectives, as well as the objective parameters for
DRTRS, which need to be evaluated based on TRS research (because of functional similarities),
as described in detail in the following chapter.
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CHAPTER 3: RESEARCH GOAL AND OBJECTIVES
3.1

RESEARCH GOAL
Following the literature review and the identification of knowledge gaps, the study takes

an initial investigation on newly developed DRTRS, and then evaluates the performance of the
DRTRS prototype in various metrics discussed in the literature review chapter. The system
validation involves a thorough evaluation of performance metrics, such as drivers’ cognitive inputs
to reduce vehicle speeds, and time series analysis for its operation to provide insights related to
potential improvement on pedestrian safety at intersections/crosswalks. Towards this end, four
research objectives are developed and discussed in the following subchapters.
3.2

RESEARCH OBJECTIVES AND THEIR POTENTIAL DELIVERABLES
The research’s objectives are stem from the four research questions. Each objective is

described with a research question along with scope/s, and potential outputs/deliverables. The
objectives are described below:
3.2.1 Objective 1: Design, Installation, and Operation of the DRTRS System
The first objective of the study is formulated based on the following research question:
Q1: “What should the design characteristics of DRTRS be? How can the design be
implemented to work reliably on a roadway?”
In response to the above-mentioned research questions, Objective 1 focuses on designing,
installing and operating a new countermeasure that can potentially help in reducing distractionaffected crashes by minimizing issues related to TRS. Under the scope of this objective, there are
three sequential activities: (1) appropriate design dimensions of the DRTRS prototype; (2)
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installation of the prototype on the testing site; and (3) operation of the prototype. Appropriate
design dimensions for the DRTRS prototype were identified based on practices currently exercised
for TRS as discussed in the literature chapter. After the prototype installation, system operations and
communications among system components were established. The deliverables of the first
objective are appropriate design dimensions, installation and effective operation protocol of the
DRTRS system.
3.2.2 Objective 2: DRTRS Effectiveness in Engaging Drivers’ Cognitive Senses
The second objective of the study answers the following research question:
Q2: “Does DRTRS generate in-vehicle sound and vibration above the discernible limit?”
Alternatively, “Is DRTRS effective in engaging drivers’ cognitive inputs?”
The work under Objective 2 addresses this research question by evaluating the impact of
DRTRS on engaging drivers’ cognitive inputs with exerted in-vehicle sound and vibration. As
DRTRS is new in design and application, there is limited knowledge about how it affects drivers’
cognitive inputs. Therefore, the scope of work for this objective consists of evaluating the in-vehicle
sound and vibration profiles given by DRTRS with various statistical and other quantitative
analyses along with a benchmark comparison with data available from TRS experiments. The
analyzed results obtained through this objective experiment helps the study determine whether
DRTRS can generate discernible sounds and vibrations, similar to TRS.
The deliverable of the second objective is the quantitative analysis of the in-vehicle sound
and vibration data exerted to the test vehicles by DRTRS. This objective is expected to answer the
questions related to extra sound and vibration above the ambient level generated by DRTRS as
well as comparisons with static TRS and discernible limits, etc. The details of sound and vibration
acquisition, along with their analyses are described in the experiment design and data analysis
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sections of Chapter 5. As a complement to the in-vehicle sound and vibration study, additional
outputs, the roadside sound and vibration data, are collected and used in analysis to determine their
impact on the neighborhood and/or roadside pedestrians.
3.2.3 Objective 3: DRTRS Effectiveness in Reducing Vehicle Speed
The third objective of the study explores the potential scope of the following research
question:
Q3: “Is there any reduction in speed after crossing DRTRS rumble units?” Alternatively, “Does
the DRTRS system have any impact on speed reductions?”
Given these questions, Objective 3 is designed to explore the potential impact of DRTRS
on drivers’ behaviors, based on speed profile data and pedestrian presence, collected through radar
and thermal cameras, respectively. As mentioned earlier, crashes are rare and random; therefore,
an alternative surrogate measure, i.e., drivers’ speed reduction due to DRTRS, are analyzed. For
the study’s coherency and consistency, the same surrogate parameter is compared with data from
the normal roadway, without the DRTRS, as the reference level.
The deliverables of the third objective are the measurements of reductions in crosswalk
approach speed profiles due to DRTRS. These speed reductions are used as one of the crash
approximations, upon which crash frequency can be estimated. Further, vehicle speed reduction
due to active DRTRS reflects its performance compared to TRS. Data evaluations conducted under
this objective also provide information about measured speed reductions during various case
conditions: with/without pedestrian(s) in the crosswalk; day/night status; and different speed
profiles.
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3.2.4 Objective 4: Exploration of Pedestrian Demand Prediction with Deep Learning
The fourth objective of the study seeks to answer the following research question:
Q4: “How can pedestrian crossing demand be estimated/predicted (with deep learning)”
In response to the question, the study collected and analyzed pedestrian presence status
around the crosswalk to predict their presence for determining the DRTRS system activation
schedule. As the pedestrian(s) presence is random, that randomness has been addressed with time
series analysis using deep learning that would help to determine the likelihood of DRTRS
becoming active related to a pedestrian event. The deliverable of the fourth objective is an
activation schedule for the DRTRS system derived from the prediction of the random pedestrian
effect.
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CHAPTER 4: DESIGN, INSTALLATION, AND OPERATION OF THE DRTRS
SYSTEM
4.1 INTRODUCTION
Chapter 4 is developed to answer the research question of Objective 1 (sub-section 3.2.1),
which is “What should the design characteristics of DRTRS be? What would be the installation
and operation procedures of that system?” The first research objective pertains to the design,
installation, and operation of the DRTRS system that consists of several tasks needed to perform or
review. The associated tasks of each mentioned stage of the DRTRS system are presented in Table
4.

Table 4: Tasks Performed under the Scope of System Design and Operation
Stages
Design

Installation

Operation

Tasks performed/ reviewed
•

Review MUTCD standards

•

Determine DRTRS design dimensions

•

Determine current speed distributions of the experimental roadway

•

Measure Stopping Sight Distance (SSD)

•

Evaluate the system’s ability to detect pedestrians

•

Evaluate the system’s ability to detect vehicles

•

Establish connections between the DRTRS system operation and roadway events

•

Acquire pedestrian presence data

•

Acquire vehicle speed distribution data
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4.1.1 Scope of Objective 1
As DRTRS is a newly developed system, and a dynamic design of static TRS, relevant
literature regarding TRS performance were reviewed to acquire information about TRS dimension
ranges. The scope of this objective is a list of sequential activities from design to the operation of
the system. This scope is limited to describing the system’s activities without covering any
quantitative data collection and their subsequent analysis. Figure 1 presents activities in a flow
chart that provides a holistic view of design, installation, and operation of the DRTRS system.
Work activities under Objective 1 are set to answer research question Q1.
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Figure 1: Schematic Activities for the DRTRS System Operation in Response to Pedestrian
and Over-speeding Vehicles
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4.2 DRTRS DESIGN
4.2.1 Dimensions of DRTRS Rumbles
The dimensions of DRTRS rumble units were chosen based on the existing literature about
conventional TRS, complying with the MUTCD standard, as presented in the literature review
section. Although different jurisdictions use different dimensions, those chosen for DRTRS rumble
units are consistent with most jurisdictions. Figure 2 presents DRTRS rumbles’ dimensions that
were chosen for the prototype design. The depth of the modular DRTRS system prototype is five
inches, which allows placement of DRTRS rumble unit within asphalt without the need for deep
digging. The rumble units of the system are four inches wide. The center-to-center distance of the
rumble units is 12-inches. The C Channel beams create a rumble effect of 0.5-inches deep/high.

Figure 2: Composite View of DRTRS Rumble Unit with the Dimensions
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4.2.2 Mechanical Design and Prototyping of The DRTRS System
DRTRS rumble units are designed to be enclosed in a steel box that is embedded in a
roadway. The five hydraulically actuated rumble units are equally spaced within a box that is
placed transverse to the flow of traffic. Each unit can be quickly disassembled in cases of
mechanical failure or required maintenance. The rumble units are separated by metal troughs
(Figure 2) filled with concrete to provide stiffness and stability. Figure 3 (a) shows the close view
of a single DRTRS rumble. Figure 3 (b) shows DRTRS during assembly, equipped with five metal
strips laid longitudinally. Each rumble unit is topped by a C Channel beam, which can be lowered
and raised to create a rumble effect. The system is designed to maintain functionality under various
environmental conditions, including rain, snow, and dirt, as well as temperature variations.

a) Detailed view of a single DRTRS rumble

b) Assembly of DRTRS

unit

Figure 3: Schematic Design and Assembly of DRTRS
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Figure 3 (a) presents four key components of a rumble unit: a hydraulic actuator, C Channel
beam, support column, and base plate. Rumble strips and metal troughs are bolted to the steel box,
which is fixed to the road using studs and epoxy. In the default position, when the DRTRS is
inactive (see the left C channel beam in Figure 2), the C Channel beams of the rumble strip units
are flat with the top of the steel, concrete box frame, and roadway. To activate DRTRS by lowering
the rumble units (see the right C channel beam in Figure 2), hydraulic system pressure is released
that allows the strips to create the recessed rumble effect. To return to the default position (inactive
DRTRS), the hydraulic system pressure opens the hydraulic actuators, allowing springs within the
hydraulic actuators to push the C Channel beams up, causing them to become flush with the top
of the box and the roadway. As another way of activating the system, to activate DRTRS by raising
the rumble units, extra 0.5-inch metal plates were added on top of the strips to create the raised
rumble effect. Hydraulic lines connect the actuator to a hydraulic pump and a controller unit placed
in a cabinet on the side of the road (DRTRS controller cabinet details are discussed in the
OPERATION section enumerated as 4.4). Upon the detection of pedestrians, either by pedestrian
push buttons and/or other pedestrian detection systems, corresponding signals are sent to the
DRTRS system.
4.3

INSTALLATION

4.3.1 Selection of Experiment Site
After a DRTRS prototype is manufactured, the entire system (i.e., a DRTRS prototype,
crosswalk construction, and camera installation) was installed on East Harmon Avenue within
UNLV’s jurisdiction. The optimum installation location for the prototype was selected based on
pre-analysis of vehicle speed on the road. Vehicle speeds varied across the test corridor, which
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was divided into 5 subsections, as depicted in Figure 4. The red circles (O) in Figure 4 indicate the
positions of the radar guns in each subsection. The 85th-percentile speeds are considered as the
expected analysis speeds. The 85th-percentile speeds of different sub-sections are presented in
Table 5. A section of the corridor is shown in Figure 5.

Figure 4: Subsection Schematics of East Harmon Avenue (Test Corridor) within UNLV’s
Jurisdiction
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Table 5: 85th-Percentile Speeds of Different Sub-sections of the Test Corridor
85th percentile speed

Eastbound (mph)

At subsection 1

23

21

At subsection 2

26

25

At subsection 3

26

25

At subsection 4

26

27

At subsection 5

18

19

Westbound (mph)

Source: Field data, June 2018

Figure 5: Recording Speed Data at One of the Subsections of East Harmon Avenue (Test
Corridor)
Source: Field data, June 2018
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The experiment site was initially chosen to be in front of UNLV’s Lied Library, mentioned
as subsection 5 in Figure 4. However, because of the low speed there (subsection 5), speed data
for the above-mentioned subsections (from subsection 1 to subsection 5) were collected in two
directions—eastbound and westbound. Among the field-collected speed data, the westbound
direction of subsection 4 had the highest 85th percentile speed of 27 mph. Because it had the highest
speed, that sub-section was selected as the experiment site for the DRTRS prototype installation.
Based on that observed speed data from the field collection, the Stopping Sight Distance (SSD)
was calculated to identify the exact locations for the installation of DRTRS rumble unit and a
pedestrian crosswalk. The SSD is the length of the road seen by a driver at any time. This distance
of visibility must be such that when a driver is moving on the road, they must have time to perform
any necessary avoidance maneuvers without colliding with an object. Considering that, the
calculation of the vehicle’s SSD is divided into two parts: the Perception Reaction Distance (PRD),
and the Braking Distance (BD) (AASHTO 2018), as presented in Figure 6.

Figure 6: Stopping Site Distance (AASHTO 2018)
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The SSD equals the PRD plus the BD. The mathematical formulation of SSD is presented
in Equation 1.

𝑆𝑆𝐷 = 1.47 𝑉𝑡 +

𝑉2
𝑎
30((𝑔) ± 𝐺)

Equation 1

Where

Parameter

Unit

v = Speed when brakes applied

mile per hour (mph)

t = Perception reaction time = 2.5s

Second (s)

a = Vehicle decceleration = 11.2 ft/s2

Feet per square second (ft/s2)

g = Acceleration of gravity = 32.2 ft/s2

Feet per square second (ft/s2)

G = Grading = 0 as the road is flat

No Unit
(AASHTO 2018)

Taking 30 mph (observed 27 mph, round up to 30 mph) as the expected or 85th-percentile speed,
the SSD would be:
𝑉2
𝑆𝑆𝐷 = 1.47 𝑉𝑡 +
𝑎
30((𝑔) ± 𝐺)

Here,
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𝑆𝑆𝐷 = 1.47 × 30 × 2.5 +
11.2
30((32.2) ± 0)

t

v = 30 mph
= Perception reaction time = 2.5s

a = Vehicle acceleration = 11.2 ft/s2

= 110.25 + 86.25

g = Acceleration of gravity = 32.2 ft/s2

= 196.5 ft.

G = Grading = 0 as the road is flat
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The calculated SSD is 196.5 ft., which has been rounded up to 200 ft. for considering the
distance between DRTRS rumble unit and the crosswalk. Based on that SSD of 200 ft., a schematic
of the DRTRS system installation is presented in Figure 7.

Figure 7: Installation Schematics of the DRTRS System

In the above figure: (1) DRTRS rumble unit, (2) DRTRS controller cabinet, (3) Crosswalk, (4)
TrafiRadar™, (5) Poles with push button and TrafiSense™, and (6) Pedestrian crossing signs.
Source: Google map, January 2019
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4.3.2 DRTRS System and its Components
There are three components that combinedly built the DRTRS system—DRTRS rumble
unit module, crosswalk, and cameras. Figure 8 presents the installation of DRTRS rumble unit
module on westbound lane of the experimental site. Figure 9 shows the installation of the
crosswalk 200 ft downstream of DRTRS rumble unit, maintaining the required SSD. In addition,
for system operation and data acquisition, Figure 10 shows the installation of TrafiSense™ and
TrafiRadar™. The TrafiSense™ was mounted at 8 meters above the ground pointing at the
crosswalk to collect pedestrian event data. Similarly, the TrafiRadar™ was mounted at 7.5 meters
above the ground pointing to the experimental roadway to collect vehicle event data.

a) Placement of DRTRS rumble unit

b) Concrete filling on the spacers of DRTRS
rumble unit

Figure 8: Installation of DRTRS Rumble Unit
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Figure 9: Installation of the Crosswalk

Figure 10: Installation of Cameras with a Lifting Platform
Source: Author, January 2019
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4.3.3 Portable TRS
For comparative analysis of the research parameters with the standard parameters, a
portable TRS of the same height as DRTRS rumble unit, i.e., 0.5-inch was also installed, as
presented in Figure 11, and conducted the experiment under the same methodological
development. Note that the rumbles of TRS were raised instead of recessed into the surface and
were installed on a different experiment section. The dimensions of the TRS rumbles are: 2-inches
width, 14-inches center to center distance, and 0.5-inch height. Moreover, the baseplate of the
portable TRS also had a height of 1-inch which has been adjusted with the roadway level by adding
a tapering plate. For better experimental compliance, a similar number of rumble units, i.e., 5
rumble units were maintained for both DRTRS and TRS.

Figure 11: Portable TRS for the Experiment
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Note that the entire DRTRS system as well as the portable TRS setup were installed within
the UNLV’s jurisdiction area for a preliminary experiment within a controlled environment. After
the installation procedure, the systems were ready for performance measurements, i.e., sound and
vibration, along with their effects on driving behavior. To conduct the experiments, appropriate
permissions were obtained from the corresponding authorities at UNLV.
4.4

OPERATION
The DRTRS system was designed to operate on-demand, based on active downstream

events that necessitate alerting drivers. Figure 12 shows the overall conceptual operation of the
system with two different schemes of activation (lowering / upping the strips) and deactivation
(taking the strips back to road level). The system activation is initiated when downstream events
that require attention for safety are identified. Such downstream events include pedestrian
appearance, wrong way driving detection, scheduled activation events, and remote-control events.
These events are described below:
1. Pedestrian appearance
1.1 Push Button Event: Push buttons can be used to engage the system when they are
activated by pedestrians.
1.2 Pedestrian Detection Event: A thermal imaging camera that has been installed to
automatically detect pedestrians at the crosswalk can activate the system.
2. Wrong Way Driving Detection Event: The activation mechanism of the system can be
triggered if vehicles move in the wrong direction. The system remains inactive when
vehicle move in the right direction. For example, the DRTRS system can be installed on a
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one-way road with the vehicle detection camera facing towards the wrong way entry point.
If a vehicle approaches in that wrong way entry point, the camera detects the vehicle and
sends signal for the system activation.
3. Timed Activation Event: The system can be activated at specific times of the day based on
the roadway activity, e.g., for school zones, morning peak hours, evening peak hours.
4. Remote Control Event: A remote signal can be sent to activate the system in response to
any emergencies, such as road crashes or emergency service vehicles.
In each case, an activation signal is sent to DRTRS controller cabinet to activate the rumble
units of the DRTRS system. The system activation can be implemented in two ways—raised and
recessed. The details of raised and recessed active DRTRS with their activation mechanisms have
been described with figures in section 4.4.1.

Figure 12: Conceptual Operation of the DRTRS System
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There are three operational details of the entire DRTRS system as described in the
following subsections, which cover the DRTRS’ system components, sensing components, as well
as the operation of the sensing components, respectively.
4.4.1 The DRTRS System Components
This section explains the DRTRS system components including the main programmable
logic controller, hydraulic pump, and rumbles.
A roadway section within the UNLV campus was selected for experimentation with the
DRTRS system. The hydraulic pump, along with DRTRS controller unit, were placed on the side
of the road inside a cabinet. Figure 13 shows DRTRS rumble unit, along with its controller cabinet,
at 200 feet upstream of the installed pedestrian crosswalk (Figure 13 (a)), considering the SSD for
the 85th-percentile speed of the experimental roadway. DRTRS’ control cabinet was placed in a
National Electrical Manufacturers Association (NEMA) 4x rating box on the side of the road, as
shown in Figure 13 (b).
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a) Distance between DRTRS rumble unit and

b) DRTRS rumble unit and control cabinet

crosswalk

Figure 13: Installed DRTRS Rumble Unit on the Roadway and its Control Cabinet

The DRTRS system operates the entire activation and deactivation mechanism by
hydraulic actuation. Different sets of activation commands associated with downstream events
were preloaded at the Programmable Logic Controller (PLC) unit. The PLC is a computercontrolled system that continuously monitors the state of input devices, such as cameras and a
pedestrian crossing push button, and made decisions to control the state of the output devices,
DRTRS rumble units. The PLC unit was programmed to receive signals about downstream events
and execute accordingly to operate the hydraulic pump that activates or deactivates the DRTRS
system.
At the active stage, the rumble units of DRTRS are either recessed or raised to the ground
to create the rumbling effect to the drivers, as presented in Figure 14 (a) and (b), respectively. On
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the other hand, at the inactive stage, the rumble units of DRTRS remain level to the ground to yield
the normal roadway experience to the drivers, as shown in Figure 14 (c). Besides, Figure 14 (d)
shows the control cabinet of the DRTRS system that contains a hydraulic pump and PLC unit.
Note that during the data collection stage the cameras were not synced with the system. Thereafter,
the activation of the system was manually conducted to control the state of DRTRS for the
purposes of data collection and benchmark comparison. For active and inactive states of DRTRS,
data were collected in various road conditions, such as day or night and pedestrian
presence/absence status.
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a) Active DRTRS with recessed rumble units

b) Active DRTRS with raised rumble units

c) Inactive DRTRS level to the roadway

d) Control cabinet of the DRTRS system

Figure 14: Active and Inactive DRTRS System along with its Control Unit

4.4.2 DRTRS Sensing Components: Radar and Thermal Cameras for Recording Vehicle
and Pedestrian Events
This section explains DRTRS sensing components for vehicle and pedestrian detection
including the camera’s power and data connection.
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The study used TrafiSense™, an integrated thermal sensor and detector, for pedestrian
detection on the crosswalk. Figure 15 (a) shows a schematic diagram of TrafiSense™ and its Field
of View (FOV) towards the pedestrian crosswalk. It used the thermal energy emitted from any
surface, instead of light, to enable the detection of pedestrians over FOV —a solid angle through
which a detector is sensitive to electromagnetic radiation—even on the darkest of nights or in
challenging weather conditions. The TrafiSense™ was pointed towards the crosswalk to record
every pedestrian entry and exit event.
For vehicle detection and their speed attributes, the study used TrafiRadar™, a combination
of a video sensor and radar, was used. The radar transmits multiple beams for accurate
measurement of vehicle position, speed, and class. It was used for vehicle presence detection and
their real-time speed attributes, before and after crossing DRTRS rumble unit. The TrafiRadar™
was pointed towards the crosswalk and DRTRS rumble unit along the length of the roadway, as
shown in Figure 15 (b). It recorded every individual vehicle event at certain designated distances
from the crosswalk. Over time, the in-built radar identified and tracked the speed of each vehicle
running over its FOV towards the experimental roadway segment. Both the TrafiSense™ and
TrafiRadar™ were connected with a TrafiStream™ control unit through a Broadband over Power
Lines (BPL) connection. The TrafiStream™ ensured power and data transfer to and from the
cameras through that BPL connection.
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a) TrafiSense™ to detect pedestrians

b) TrafiRadar™ to detect vehicles and their
attributes

Figure 15: Schematics of TrafiSense™ and TrafiRadar™ for Crosswalk and Experimental
Roadway

4.4.3 Operation of the Sensing Components: Data Recording in Camera Feed for Detection
of Pedestrian and Vehicle
Pedestrian detection: The TrafiSense™ was calibrated with the human height at different
positions of the crosswalk using the built-in software. After the TrafiSense™ was calibrated with
appropriate human height, then it was ready for pedestrian detection. Once a pedestrian started
crossing the crosswalk, TrafiSense™ detected the pedestrian as the start event of crossing, as
shown in Figure 16 (a). TrafiSense™ continued its recording until the end event of crossing for
the pedestrian. Figure 16 (a) also shows the primary pedestrian detection zone that was assigned
along the length of the crosswalk to identify regular pedestrians. However, there were two more
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zones assigned—jaywalking zones—on both sides of the crosswalk to identify jaywalking
pedestrians.
Vehicle Detection: The TrafiRadar™ was calibrated with the vehicle length at different
distances from the camera using the built-in software. After the TrafiRadar™ was calibrated with
appropriate vehicle length, then it was ready for vehicle detection. Figure 16 (b) shows that a
vehicle crossed one of the zones—i.e., the active zone—and the radar instantaneously detected
that vehicle and recorded its attributes. In addition, TrafiRadar™ also recorded the day and night
status for every single event.

b) TrafiRadar™ detects vehicles and their

a) TrafiSense™ detects a pedestrian with
thermal imaging

speeds with radar active sensing

Figure 16: Real-time Detection of Pedestrian and Vehicle
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After installation completion, the system setup was ready for data collection during its
operation. The study conducted sound and vibration experiments with DRTRS, TRS and ambient
roadway as well as analyzed the acquired data for quantitative evaluation of their performance.
The details of the sound and vibration experiments are presented in Chapter 5.
4.5 SUMMARIZED DISCUSSION
Based on the conducted literature review on TRS, DRTRS was developed with dimensions
for the rumble units consistent with most jurisdictions. With the flexible on-demand operation
capability of DRTRS, the system is able to adjust its rumble unit depths easily, from recessed to
raised. After DRTRS development, the installation of a prototype DRTRS system, crosswalk
construction, and camera installation were performed. During this installation, the SSD was
calculated based on the speed that helped to identify the optimum distance between DRTRS
rumble unit and the crosswalk. For monitoring and data collecting purposes, a thermal camera
(TrafiSense™) and a radar camera (TrafiRadar™) were installed, pointing at the crosswalk and
roadway.
After installation completion, the study focused on the DRTRS system’s functionality in
its operation stage. This included calibration of the cameras, detection of pedestrians, detection of
vehicles, and communication between the DRTRS system and roadway events. The installed
cameras were calibrated based on their height from the roadway and their FOV. After calibration,
the cameras went live 24/7, for acquisition of pedestrian and vehicle event data. Thereafter, the
cameras were setup to synchronize with the DRTRS system prototype to prepare an entire integrated
system, in which the cameras would send the activation signals to the prototype unit based on
pedestrian and vehicle events.
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CHAPTER 5: DRTRS SYSTEM’S EFFECTIVENESS IN ENGAGING DRIVERS’
COGNITIVE SENSES
5.1 INTRODUCTION
Chapter 5 is developed to answer the research question of Objective 2 (subsection 3.2.2),
which is “Does DRTRS generate in-vehicle sound and vibration above the discernible limit?
Alternatively, is DRTRS effective in engaging drivers’ cognitive inputs?” This Objective 2 aimed
to explore the in-vehicle sound and vibration caused by active DRTRS. It also investigated any
roadside sound and/or vibration created by active DRTRS that could potentially affect the adjacent
neighborhood or roadside pedestrians. The objective parameters investigated are presented below,
with their corresponding units in parentheses:
•

in-vehicle sound (dB-A)

•

in-vehicle vibration as acceleration (ms-2)

•

roadside sound (dB-A)

•

roadside vibration as acceleration (ms-2)

5.1.1 Scope of Objective 2
In evaluating DRTRS performance on drivers and pedestrians’ cognitive inputs, the scope
of Objective 2 is the quantitative analysis of sound and vibration for four different experimental
setups as follows: raised active DRTRS, recessed active DRTRS, portable TRS, and ambient
roadway. It also conducted experiment design, instrument setup, and data collection, followed by
quantitative and comparative analyses.

53

5.1.2 Schematic Diagram of the Methodology for Objective 2
Figure 17 presents a schematic of the methodology developed for Objective 2. As the
methodology for acquiring and analyzing roadside sound and vibration is similar to the in-vehicle
methodology, those details are intentionally compromised in the diagram for the succinct and
concise presentation. As presented in Figure 17, the work procedures under Objective 2 were set
to answer the research question Q2. In response to that question, the associated research parameters
of in-vehicle sound and vibration were acquired with the Sound Level Meter (SLM) and
accelerometer, respectively, and were subtracted by the ambient corresponding data to calculate
increases in in-vehicle sound (Sx) and vibration (Vx). The observed increase in in-vehicle sound
(Sx) and vibration (Vx) were then compared with the standard discernible sound (Sd) and vibration
(Vd) limit, as identified from the literature.
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Figure 17: Schematic of Methodology Development for Objective 2
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5.2

EXPERIMENTAL DESIGN
The DRTRS system prototype and a portable static TRS were installed on a road within

the UNLV campus. The experiments for determining the sound and vibration from DRTRS and
TRS were conducted with various vehicles. As vehicle weights have an impact on sound and
vibration (Haron et al. 2019), the test experiments were conducted with three test vehicles of
different weights. The three test vehicles were sufficient for the experiment as justified by previous
studies (Miles and Finley 2007).
•

Diesel truck (Ford F250, weight 2.98 ton)

•

SUV (2017 Nissan Rogue S, weight 1.65 ton)

•

Sedan (2012 Honda Civic, weight 1.23 ton)
The drivers of these vehicles were asked to drive over DRTRS rumble unit or TRS at three

different speeds, i.e., 15, 25, and 40 mph. The data were recorded for each case condition—e.g.,
in-vehicle data for the sedan at 40 mph—repeatedly three times, as supported by similar
experiments of previous studies (Elefteriadou et al. 2000; Torbic et al. 2003). Following that, the
study compared the maximum recorded in-vehicle sound and vibration (as the drivers’ alertness
pertains to sudden in-vehicle sound and vibration) yielded in each test vehicle during passing both
DRTRS and TRS, with reference data from the ambient roadway (no DRTRS). The results of this
analysis were used to evaluate their effects on in-vehicle cognitive alertness that the drivers
perceive.
In-vehicle data: In-vehicle sound and vibration data for all cases were measured to achieve
the full factorial experiment with three replicates that ended up with a total of 81 runs (3 different
vehicles × 3 different speeds × 3 (2 active DRTRS status and 1 TRS) × 3 replicates), as
demonstrated in Table 6. The X1, X2, X3 in the Table 6 represent the three replicates of in-vehicle data
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(i.e., sound, vibration) for each case scenario. Additional runs were conducted, if required, due to
unwanted events that could affect the sound readings, such as sound from low-flying airplanes.

SUV

Sedan

Diesel truck

SUV

Sedan

Diesel truck

SUV

Sedan

TRS

static

Portable

DRTRS

Diesel truck

active

Recessed

DRTRS

Experiment location

active

Test speeds (mph)

Raised

Table 6: Layout Plan for Experiment Design of In-vehicle Data
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In-vehicle

X1,

X1,

X1,

X1,

X1,

X1,

X1,

X1,

X1,

25

40

In-vehicle

In-vehicle

X2,

X2,

X2,

X2,

X2,

X2,

X2,

X2,

X2,

X3

X3

X3

X3

X3

X3

X3

X3

X3

X1,

X1,

X1,

X1,

X1,

X1,

X1,

X1,

X1,

X2,

X2,

X2,

X2,

X2,

X2,

X2,

X2,

X2,

X3

X3

X3

X3

X3

X3

X3

X3

X3

X1,

X1,

X1,

X1,

X1,

X1,

X1,

X1,

X1,

X2,

X2,

X2,

X2,

X2,

X2,

X2,

X2,

X2,

X3

X3

X3

X3

X3

X3

X3

X3

X3

Roadside data: Roadside sound and vibration data were collected for raised active DRTRS,
recessed active DRTRS, and portable static TRS, using the same experiment design developed for
in-vehicle data. In addition, for roadside purposes, one additional data factor – ambient roadway –
were collected for benchmark comparisons. The roadside experiments include a total of 108 runs,

57

as presented in Table 7. The Y1, Y2, Y3 in Table 7 represent the three replicates of roadside data
(i.e., sound, vibration) for each case scenario.

Sedan

Diesel truck

SUV

Sedan

Diesel truck

SUV

Sedan

roadway

Ambient

SUV

TRS

Diesel truck

static

Portable

Sedan

DRTRS

SUV

active

Recessed

Diesel truck

DRTRS

Experiment location

active

Test speeds (mph)

Raised

Table 7: Layout Plan for Experiment Design of Roadside Data
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5.2.1 Instrument Setup
The following high-resolution data were collected: 1) in-vehicle sound (dBA), 2) in-vehicle
vibration (ms-2), 3) roadside sound (dBA), and 4) roadside vibration (ms-2). This research used a
data acquisition unit (NI cDAQ-9178), a SLM (QUEST 2700), and a triaxial piezoelectric
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accelerometer (Manufacturer: Endevco®, Model: Isotron® accelerometer, 45A) for sound and
vibration acquisition. Figure 18 shows the block diagram and practical instrument setup of the
experiment. Data were collected at 10 kHz, using LabVIEW through the NI-DAQmx API and
saved in a timestamped .csv file for post analysis. The detailed specifications of SLM and
accelerometer are provided as appendices A and B, respectively.
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a) Block diagram of data acquisition with SLM and accelerometer

b) Practical instrument setup

Figure 18: Instrument Setup for Data Acquisition
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5.2.2 Data Acquisition
5.2.2.1 In-vehicle sound and vibration
Figure 19 shows the instrumentation setup for in-vehicle sound and vibration data
acquisition. Sound data were recorded with SLM placed at an ear level of the driver. SLM was
placed with a tripod to ensure the appropriate height for acquiring the closest sounds that drivers
perceive, depicted in Figure 19 (a). Sounds were collected with a decibel A (dB-A) weight unit
ranging from 40 to 100 dB.
The tri-axial accelerometer was mounted horizontally on the steering column of the test
vehicle to measure in-vehicle vibrations. Furthermore, it was placed between two 5-lb soft mesh
lead shot weights to add stability during the experiment by reducing any unnecessary and highfrequency inherent vibration by the test vehicle itself, as shown in Figure 19 (b). The accelerometer
was oriented in a way that the corresponding x, y, and z axes served as longitudinal, lateral, and
vertical directions of the vehicle, respectively.
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a) SLM setup for in-vehicle sound acquisition

b) Accelerometer setup for in-vehicle vibration
acquisition

Figure 19: Instrumental Setup for In-vehicle Data Acquisition
Source: Field data, 4 May 2019

5.2.2.2 Roadside sound and vibration
Figure 20 shows the instrumentation setup for roadside sound and vibration data
acquisition. The SLM was mounted at a height of 4 feet on a tripod from the ground and 13 feet
away from the center of DRTRS rumble unit. The SLM’s microphone was placed pointing to
DRTRS rumble unit to attenuate the unwanted sounds from other sources, e.g., traffic sounds from
the parking lot. The tri-axial accelerometer was placed on the shoulder walk horizontally, covered
with a 5-lb soft mesh lead shot weight to avoid unwanted vibrations. The x, y, and z axes of the
accelerometer served as along the roadway, across the roadway, and in vertical directions,
respectively. A ‘single vehicle pass by method’ was used to collect the roadside sound data (Klein
et al. 2015).

62

a) SLM setup for roadside sound acquisition

b) Accelerometer setup for roadside
vibration acquisition

Figure 20: Instrumental Setup for Roadside Data Acquisition
Source: Field data, 4 May 2019

5.3 DATA ANALYSIS
The collected sound and vibration data for in-vehicle and roadside cases were in raw .csv
format. They were analyzed based on appropriate frequency to extract the real rumble strip induced
effect on sound and vibration.
5.3.1 In-vehicle Sound and Vibration
Sound: The collected in-vehicle sound levels generated by active DRTRS and TRS were
compared with those from the ambient roadway, which was the numerical average of sound level
collected from one second after data recording to one second before which a vehicle hit active
DRTRS or TRS. The highest recorded in-vehicle sound for each run was recorded for both cases.
The numerical average sound of ambient roadway was subtracted from the highest recorded invehicle sound to calculate the increase in in-vehicle sound by active DRTRS or TRS.
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For example, as presented in Figure 21, the average ambient sound data was calculated
taking average values of sound from one to approximately three seconds, as the highest recorded
sound is generated at close to fourth second. The increase in in-vehicle sound was calculated by
taking differences of the average ambient sound and the highest recorded sound.

Figure 21: Sample Example of Filtering In-Vehicle Sound from the Ambient Sound Level

Vibration: Vibration data were acquired at a frequency of 10 kHz. Given the DRTRS
rumble unit spacing of 12 inches, the vibrations at the highest test speed (40 mph) were expected
to be at 58.67 Hz. A Low-Pass (LP) Butterworth filter with a break frequency of 60 Hz was used
to focus on DRTRS induced vibrations. The Fast Fourier Transform (FFT) algorithm also showed
that relevant vibrations corresponded to frequencies below 60 Hz. The Butterworth filter and FFT
were performed using the built-in package of Matlab R2021a. Figure 22 shows a sample FFT
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analysis of acquired data for in-vehicle vibration, collected from a sample run conducted by the
SUV at a speed of 25 mph over DRTRS rumble unit. After applying FFT on vibrations, it was
obvious that frequencies up to 60Hz covered the desired in-vehicle vibration for test vehicles at
any given speed. The vibrations are the resultant vibrations from lateral (x axis), longitudinal (y
axis) and vertical (z axis) vibrations in the form of Euclidian distance, as presented by
√𝑥 2 + 𝑦 2 + 𝑧 2 .
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a) In-vehicle unfiltered vibration for sample of SUV at 25 mph

b) FFT cut-off frequency at 60 Hz for in-vehicle vibration for sample of SUV at 25 mph

c) In-vehicle Euclidean filtered vibration for sample of SUV at 25 mph
Figure 22: A Sample of Fast Fourier Transformation Analysis

5.3.2 ANOVA Test for In-vehicle Data
After collecting in-vehicle sounds and vibrations for active DRTRS and TRS, Analysis of
Variance (ANOVA) tests were performed, among and within the varying vehicle types and speeds.
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The ANOVA test results help to infer and analyze drivers’ cognitive inputs with different factor
levels. For example, whether there is any difference in drivers’ alertness by in-vehicle sound and
vibration between sedans and SUVs can be explained with the ANOVA results. As stated, there
were two independent variables, vehicle type and speed, and the two-way ANOVA tests were
performed for both variables, as presented in Table 8. The cell values, Zii in Table 8, represent the
in-vehicle sound/ vibration with their three replicates for each experiment of the two-way ANOVA
test. The ANOVA tests are based on the following assumptions:
•

The populations of the experiment (increase in in-vehicle sound and vibration) are
normally or approximately normally distributed

•

The samples of in-vehicle sound and vibration are independent

•

The population variances of in-vehicle sound and vibration are equal

•

The experiment groups of two factors (vehicle type and vehicle speed) have the same
sample size

Table 8: Two-way ANOVA Table with Row and Column Factors
Column factor (speed) →
Row factor (vehicle type)

15 mph

25 mph

40 mph

Sedan

Z11, Z11, Z11

Z12, Z12, Z12

Z13, Z13, Z13

SUV

Z21, Z21, Z21

Z22, Z22, Z22

Z23, Z23, Z23

Diesel truck

Z31, Z31, Z31

Z32, Z32, Z32

Z33, Z33, Z33

↓
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Three sets of hypotheses for the two-way ANOVA tests were constructed; the null
hypotheses for each of the sets are given below:

1. The population means of increase in in-vehicle sound and vibration for the first factor (row
factor- vehicle type), are equal; this is equivalent to the one-way ANOVA for the row
factor.
2. The population means of increase in in-vehicle sound and vibration for the second factor
(column factor- vehicle speed), are equal; this is equivalent to the one-way ANOVA for
the column factor.
3. There is no interaction of increase in in-vehicle sound and vibration between the two
factors (vehicle type and speed); this is similar to performing a test for independence with
a contingency table (Table 8).

Treatment groups are formed by making all possible combinations of the two factors, i.e.,
independent variables. For example, the first factor of vehicle type has 3 levels (sedan, SUV, and
diesel truck), and the second factor of vehicle speed has 3 levels (15, 25, and 40 mph), so there are
3x3=9 different treatment groups. There are (3-1) =2 degrees of freedom for the vehicle type, and
(3-1) =2 degrees of freedom for the speed. There are 2 × 2 = 4 degrees of freedom for the
interaction between the vehicle type and speed.

5.3.3 Roadside Sound and Vibration
Sound: The recorded roadside sound data from active DRTRS and TRS were compared to
similar ambient roadway data. For example, the experiment run of the SUV at 25 mph for active
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DRTRS was compared to the same attributes of ambient data to identify the true contributions of
active DRTRS on roadside sounds. The analysis of roadside sound was similar to the in-vehicle
sound and has been compromised for the succinctness of the dissertation.
Vibration: The recorded roadside vibrations had high frequencies from the roadway
surface; therefore, that was transformed by low pass Butterworth filter with a little higher vibration
range of 500 Hz. After collecting and analyzing the data, it has been found that roadside vibration
has no significant impact on the roadway users. Based on that analyzed fact, the result section does
not incorporate the findings from the roadway vibration as that is insignificant.
5.3.4 ANOVA Test for Roadside Sound and Vibration
The study did not perform ANOVA test for roadside sound and vibration. There are three
main reasons because of not including ANOVA test as follows:
•

Roadside sound does not have direct impact on the drivers

•

Roadside vibration is too minimalistic and insignificant

•

Roadside vibration does not have direct effect on roadway users

5.3.5 Sample Data Output
Figure 23 shows example data for in-vehicle and roadside sound and vibration, collected
from an SUV running at a speed of 25 mph over recessed active DRTRS. Figure 23 (a and b)
shows the in-vehicle cases, in which the front wheels hit DRTRS at 2.72 seconds and the rear
wheels at 3.02 seconds. Similarly, in Figure 23 (c and d) for the roadside cases, the consecutive
events of front and rear wheels were at 2.45 and 2.73 seconds. The research used the peak values
for sound and magnitudes for vibration for the subsequent analysis. The magnitudes were
calculated by combining lateral, longitudinal, and vertical filtered components in Euclidean form,
as described in sub-section 5.3.1.
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a) In-vehicle sound

b) In-vehicle Euclidean vibration

c) Roadside sound

d) Roadside Euclidean vibration

Figure 23: In-vehicle and Roadside Sound and Euclidean Vibration Data for a Case of SUV
Running at 25 mph over Active DRTRS
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5.4 RESULTS
The analyzed results present the quantitative comparisons of in-vehicle sound and vibration
for raised DRTRS, and recessed DRTRS, which were conducted to evaluate DRTRS performance
on engaging drivers’ cognitive senses upon different experimental circumstances. The results also
include the analysis of same parameter metrics from TRS for standard comparison. In addition,
this section discusses the results for roadside sound exerted by active DRTRS; however, findings
from roadside vibration are compromised here as the results are insignificant for consideration.

5.4.1 In-vehicle Sound and Vibration
The result section pertains to the comparison of in-vehicle sound and vibration data for
recessed DRTRS, raised DRTRS, and fixed TRS tested with three test vehicles at three different
speeds, i.e., 15, 25, and 40 mph. The in-vehicle sound and vibration results are compared with the
corresponding discernible levels of 7 dBA and 2.5 ms-2 (Terhaar and Braslau 2015; Yang et al.
2016), respectively, to check whether the exerted sound and vibration are effective in engaging
drivers’ auditory and tactile senses.
5.4.1.1 Increase in in-vehicle sounds
Figure 24 presents the increase in in-vehicle sounds for the nine test cases. The analyzed
results show a consistent result of increases in in-vehicle sounds being greater than or at least equal
to the discernible limit of 7 dBA (Terhaar and Braslau 2015) for all test cases. Specifically, the
increases in in-vehicle sounds for the diesel truck were similar for 15 and 40 mph in any of the
three experimental setups, i.e., recessed DRTRS, raised DRTRS or TRS. At 40 mph, the increase
in in-vehicle sound was lower, given the engine sound itself from the diesel truck was significantly
louder (Ingham et al. 1999). For the SUV and sedan, the increases in in-vehicle sounds were above
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the discernible limit for recessed and raised DRTRS. However, the drivers of the SUV and sedan
experienced slightly higher in-vehicle sound increases while driving over TRS, which can be
explained by fixed rumble units of TRS. The SUV and sedan experienced more deflection with
TRS due to the fixed rumble units (as TRS does not deflect itself to absorb sound), which resulted
in a higher increase in in-vehicle sounds compared to DRTRS. To mention the fact, on the first
DRTRS prototype, the rumble units deflect due to vehicle weight that absorb a portion of in-vehicle
sound contributed to lower increase in in-vehicle sound compared to TRS. To sum up, DRTRS
with any setup, i.e., recessed or raised rumbles, are effective in generating in-vehicle sounds above
the discernible limit without yielding unwanted extra sounds as TRS does.
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a) DRTRS with recessed rumble units

b) DRTRS with raised rumble units

c) TRS with raised rumble units

Figure 24: Increase in In-vehicle Sound due to DRTRS and TRS
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5.4.1.2 Increase in in-vehicle vibrations
Figure 25 presents the increase in in-vehicle vibrations for the diesel truck, SUV, and sedan
with varying speeds of 15, 25, and 40 mph. The analyzed results show that with any of the
experimental setups, along with varying speeds and vehicles, the increase in in-vehicle vibrations
were above the discernible limit of 2.5 ms-2 (Yang et al. 2016). Noticeably, for most of the cases,
the increases in in-vehicle vibrations were even higher than double the discernible limit, i.e.,
vibrations of 5 ms-2.
The diesel truck experienced an increase in in-vehicle vibrations ranging from 3.2 to 7 ms2

for recessed and raised DRTRS, whereas the increase in vibrations hiked up to 11.5 ms-2 while

driving over TRS. The SUV had extra in-vehicle vibrations ranging from 4 to 6 ms-2 with all of
the three experimental setups. Nevertheless, raised DRTRS and TRS exerted similar lower invehicle vibrations at 40 mph for the SUV. Lastly, the sedan experienced in-vehicle vibrations of
5.2 to 7.5 ms-2 for recessed DRTRS. However, with raised DRTRS and TRS, the sedan experienced
more in-vehicle vibrations, ranging from 6.5 to 14 ms-2. The results show that there was a
significant increase in in-vehicle vibrations for the sedan with changing DRTRS setup from
recessed rumble units to raised ones, which was functionally similar to that of TRS. To sum up,
with any of DRTRS designs, the prototype was effective in generating sufficient in-vehicle
vibration, above the discernible limit, that can potentially alert drivers’ haptic senses.

74

a) DRTRS with recessed rumble units

b) DRTRS with raised rumble units

c) TRS with raised rumble units

Figure 25: Increase in In-vehicle Vibration due to DRTRS and TRS
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5.4.2 ANOVA Tests for Increase in In-vehicle Sound and Vibration
There are two potential factors for designing the ANOVA experiment for DRTRS—
different vehicle types (factor 1) and different vehicle running speeds (factor 2). The ANOVA test
was designed to evaluate the rumble effect of DRTRS on different vehicles with different speeds.
The three types of vehicles (i.e., diesel truck, SUV, and sedan) had their experimental runs at 15,
25, and 40 mph. There were three replicates for each experimental run; refer to Table 8 in section
5.3.2. As two factors were associated with this experiment, a two-way ANOVA was performed to
identify the rumbles’ effect on these factors that could potentially engage drivers’ cognitive senses.
The corresponding hypotheses of the ANOVA experiment were formulated as follows:
Null Hypothesis:
H0(vehicle): Type of vehicles have no significant effect on increase in in-vehicle sound and
vibration yielded by recessed active DRTRS, raised active DRTRS, and TRS.
H0(speed): Different vehicular speeds have no significant effect on increase in in-vehicle
sound and vibration yielded by recessed active DRTRS, raised active DRTRS and TRS.
H0(vehicle × speed): Type of vehicle and different speed interactions have no significant effect
on increase in in-vehicle sound and vibration yielded by recessed active DRTRS, raised
active DRTRS, and TRS.
Alternate Hypothesis:
Ha: Vehicle type, speed, or their interactions have significant effect on increase in invehicle sound and vibration yielded by recessed active DRTRS, raised active DRTRS, and
TRS.
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5.4.2.1 Increase in in-vehicle sounds
The ANOVA statistics for in-vehicle sound in Table 9 show that the different vehicles
(sedan, SUV, or diesel truck), as the row factor of the ANOVA experiment, had significant effects
on the increase in in-vehicle sound at a 95% confidence interval yielded by recessed active
DRTRS, and TRS. For raised active DRTRS, there was no significant difference in the increase in
in-vehicle sounds for different vehicle types. These analyzed results of no significant in-vehicle
sound could be attributed to the rattling effect of added plate in raised DRTRS, that generated extra
sound for any vehicle type. Apart from that, while the vehicle type was row factor of the ANOVA
experiment, recessed active DRTRS or TRS responded differently on different vehicles for
increased in-vehicle sound, which was associated with the weight of the vehicle, suspension of the
vehicle and size of the tires (Haron et al. 2019).
For vehicle speed as the column factor of the ANOVA experiment, increased in-vehicle
sounds were significantly different for different approach speeds (15, 25 and 40 mph), as tested
with recessed active DRTRS, raised active DRTRS, and TRS. From the analyzed results of the
ANOVA experiment, it can be inferred that different vehicle speeds gave different levels of
auditory stimuli to the drivers for tested recessed active DRTRS, raised active DRTRS, and TRS.
For the combined effect of vehicle type and speed, as the interaction effect of the ANOVA
experiment, the different vehicles (sedan, SUV, or diesel truck) and speeds (15, 25, and 40 mph)
combined had significant effect on increased in-vehicle sound at a 95% confidence interval yielded
by recessed active DRTRS, and TRS. However, there was no distinguishable increase in in-vehicle
sound yielded by raised active DRTRS for the combined effect of vehicle type and speed (fail to
reject the null hypothesis, p> 0.05).
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Table 9: Two-way ANOVA Statistics for Increase in In-vehicle Sound
Two-way ANOVA
Factors

Prob>F (recessed active

Prob>F (raised

Prob>F

DRTRS)

active DRTRS)

(TRS)

Row factor: types of vehicles

0.0007**

0.7290

0.0000**

Column factor: different speeds

0.0000**

0.0036**

0.0000**

Interaction (Vehicle × Speed)

0.0001**

0.6058

0.0003**

** Significant with 95% confidence interval

5.4.2.2 Increase in in-vehicle vibrations
The ANOVA statistics for in-vehicle vibration in Table 10 show that different vehicles
(sedan, SUV or diesel truck), as row factor of the ANOVA experiment, had significant effects on
increased in-vehicle vibration at a 95% confidence interval yielded by recessed active DRTRS,
raised active DRTRS, and TRS. These analyzed results of the vehicle type factor imply that
recessed active DRTRS, raised active DRTRS, or TRS respond differently for different vehicles
when increasing in in-vehicle vibration.
For vehicle speed, as the column factor of the ANOVA experiment, increases in in-vehicle
vibrations were significantly different for different approach speeds (15, 25, and 40 mph), as tested
with recessed active DRTRS, raised active DRTRS, and TRS. From the analyzed results of the
ANOVA experiment, it can be inferred that different vehicle speeds gave different levels of haptic
stimuli to the drivers in the form of vibration for any of tested recessed active DRTRS, raised
active DRTRS, and TRS.
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For the combined effect of vehicle type and speed, as the interaction effect of the ANOVA
experiment, the different vehicles (sedan, SUV, or diesel truck) and speeds (15, 25, and 40 mph)
combined had significant effects on increased in-vehicle vibrations at a 95% confidence interval,
yielded by any of the recessed active DRTRS, raised active DRTRS, and TRS. To summarize,
increases in in-vehicle vibrations are statistically significant, irrespective to any of the ANOVA
experiment factors, i.e., vehicle type, speed, or combination of both, which are substantially
effective in engaging drivers’ haptic senses to warn them beforehand about potential downstream
events.

Table 10: Two-way ANOVA Statistics for Increase in In-vehicle Vibration
Two-way ANOVA
Factors

Prob>F (recessed

Prob>F (raised active

Prob>F

active DRTRS)

DRTRS)

(TRS)

Row factor: types of vehicles

0.0002**

0**

1.04×10-10**

Column factor: different speeds

0.003**

0.0025**

6.12×10-9**

0**

0.0002**

1.84×10-10**

Interaction (Vehicle × Speed)

** Significant with 95% confidence interval

5.4.3 Roadside Sound and Vibration
Figure 26 shows the increase in roadside sound for the test vehicles (sedan, SUV, and diesel
truck), as tested with recessed active DRTRS, raised active DRTRS, and TRS. Interestingly, the
roadside sound generally exhibited a consistent positive correlation with speed for majority of the
tested cases as experimented with raised and recessed active DRTRS (except- sedan at 25 mph for
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recessed active DRTRS, diesel truck at 25 mph for raised active DRTRS). For experiment with
TRS, roadside sound could not be acquired for 40 mph due to short SSD constraints. From analysis
of the obtained data, there are evidence of the increase in roadside sounds were typically beyond
the sound threshold of 7 dBA (Terhaar and Braslau 2015), except for cases with diesel truck
running at 15 mph for both raised and recessed active DRTRS. From the analyzed results, it can
be inferred that, the increases of roadside sound for passenger cars (SUV and sedan) were
significant enough to be distinguished by pedestrians at any given speed.
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a) DRTRS with recessed rumble units

b) DRTRS with raised rumble units

c) TRS with raised rumble units

Figure 26: Increase of Roadside Sounds by Active DRTRS and TRS
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Roadside sound from the sound source propagates as distance is increased between the
sound receiver and source. To estimate the sound in the neighborhood of DRTRS, the distance
decay model (Equation 2) was used to calculate the propagation of sound at certain distances
(Janssens et al. 2006).
∆𝐿 = |10.𝑙𝑜𝑔

𝑟1
𝑟2

Equation 2

|, or,

∆𝐿

𝑟1 = 𝑟2 × 1010

where Δ𝐿 is the difference in sound level; and r1 and r2 are predicted and experimental distances,
respectively, from the source of the sound (i.e., DRTRS). For example, the highest increase in
roadside sound generated by raised active DRTRS was 15 dBA (ΔL) with the SUV at 40 mph.
Following Equation 2:
11.55
10

𝑟1 = 15 × 10

= 214.33 𝑓𝑡 ≈ 215 ft

The highest recorded increase in sound by the test vehicle is diminished at 215 feet away
from the center of DRTRS. Consequently, any residents beyond that range would not experience
any increase in sound from active DRTRS. Further, the roadside vibration exerted by active
DRTRS was only 0.5-0.8 ms-2 for any given condition, which was too minimal to perceive, and
therefore, excluded from further analysis. From the analyzed results, it could be inferred that any
roadside sound created by the vehicles due to active DRTRS was sufficient to alert roadside
pedestrians, while having insignificant additional sound in the adjacent neighborhood.
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5.5 DISCUSSION ABOUT DRTRS PERFORMANCE ON DRIVERS’ COGNITIVE
SENSES
The developed DRTRS can reduce the issues of continuous sound and vibration associated
with TRS. The on-demand activation of DRTRS rumble units eliminates drivers’ continued
exposure to unwanted in-vehicle sound and vibration that are persistent with TRS. Drivers can
experience the feeling of an ambient roadway with inactive DRTRS unless any activities
associated with their activation mechanisms occur. Upon detection of a potential downstream
event, DRTRS becomes active (raised or recessed) to alert drivers in a similar manner as traditional
TRS. The DRTRS system can be used in school zones and residential areas, where roadside noise
is objectionable, given that it remains inactive, and therefore makes no rumbling sounds, until an
event occurs that is associated with its activation mechanism. Even active DRTRS exerts only the
minimum roadside sound sufficient to alert roadside pedestrians, without affecting the neighboring
community.
Active DRTRS was shown as effective in engaging the auditory senses of drivers, by
generating in-vehicle sound above the minimum threshold of discernable sound for passenger
vehicles, including an SUV and a sedan. However, at higher speeds, DRTRS generated less
increase in in-vehicle sound for a diesel truck compared to lower speeds. Nonetheless, active
DRTRS were effective in engaging the haptic senses of drivers, which are associated with
sufficient in-vehicle vibration, irrespective of vehicle type or running speed.
The on-demand activation of the DRTRS system can also have positive impact on adjacent
neighborhoods, given that during the inactive stage, they generate roadside sounds similar to
ambient roadway conditions. In addition, active DRTRS generated 8-10 dBA of extra roadside
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sound, due to their rumbling effect, which was sufficient to alert roadside pedestrians without
affecting neighborhoods more than 215 feet and away.
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CHAPTER 6: DRTRS’ EFFECTIVENESS IN REDUCING VEHICLE SPEED
6.1 INTRODUCTION
Chapter 6 is developed to answer the research questions of Objective 3 (sub-section 3.2.3),
which are:
Q3: Is there any reduction in speed after crossing DRTRS rumble unit? Alternatively, does DRTRS
have any impact on speed reduction?
This chapter of the dissertation investigated the potential impacts of DRTRS on drivers’
behavioral changes based on speed profile data. To measure behavioral changes, the study
identified and evaluated the speed-reducing effect of DRTRS on drivers’ approaches to a pedestrian
crosswalk. This research acquired vehicles’ speeds both upstream and downstream of DRTRS
rumble unit and compared those speed profiles to evaluate drivers’ speed reducing behavior. The
study section sets a list of relevant objective parameters associated with drivers’ behavioral
changes, with the corresponding parameter units within the parentheses:
•

Vehicle speed upstream of DRTRS rumble unit (mph)

•

Vehicle speed downstream of DRTRS rumble unit (mph)

•

Pedestrian presence/absence status (Boolean parameter)

•

Day/night status (Boolean parameter)

6.1.1 Schematic Diagram of the Methodology for Objective 3
To successfully explore speed reducing behavior within the scope of Objective 3, a
schematic of the methodological procedure is presented in Figure 27. This methodology covers
the objective’s scope of data acquisition, along with processes to perform the tasks, as well as the
entire process flow diagram, up to inferred decisions about DRTRS performance on speed
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reductions. The flow diagram was formulated to seek answers to Q3 research question, as discussed
in Chapter 3 (sub-section 3.2.3).
In order to answer the research questions, data acquisition and analyses cover four cases,
combining the pedestrian and vehicle speed events, as presented in the second row of Figure 27.
For each case condition, the upstream (VU) and downstream (VD) speeds of DRTRS rumble unit
were collected as research parameters. The targeted parameters were specifically set to observe
any decrease in mean or median speeds due to DRTRS impact (is VD < VU). Afterwards, if VD < VU
is true, the statistical significances are determined by applying the standard significance test at a
5% significance level. The test results aided the study to infer decisions about DRTRS performance
on speed reductions with that certain 5% significance level.
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Figure 27: Development of Methodological Procedure for Objective 3

87

In summary, the work for Objective 3 analyzed the speed distribution data to evaluate
DRTRS performance related to drivers’ speed-reducing behavior. First, vehicle speed profiles for
four cases (Case 1, Case 2, Case 3, and Case 4) were collected, as presented in the second row of
Figure 27. For each case, the acquired data were statistically evaluated to address each of the
research questions being asked in Figure 27. The statistical analysis included hypotheses tests to
infer a decision about DRTRS performance on speed reductions with a 5% significance level.

6.2 INSTRUMENTATION
The study required integrated instrumentation to acquire quantitative data for the
methodological procedures as presented in Figure 27. Complying with the above-mentioned
procedures, the acquisition of integrated vehicle and pedestrian data were collected by
TrafiRadar™ and TrafiSense™, respectively. The technical specifications of TrafiRadar™ and
TrafiSense™ have been attached as Appendices C and D, respectively, at the end of the
dissertation. The instrumentation setup of the data acquisition cameras, i.e., TrafiRadar™ and
TrafiSense™, were described in detail in the sub-sections of 4.4.2 and 4.4.3 under Chapter 4. The
TrafiRadar™ and TrafiSense™ were synchronized with a Network Time Protocol (NTP) server
to record event time. The cameras were equipped with an Application Programming Interface
(API) that allowed data transmission and storage in a web server through a network.
Communication with the cameras was initiated with the server through Websocket™, a computer
communications protocol.
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6.3

EXPERIMENT SETUP
To accomplish the task set by the parameters of Objective 3, a comprehensive experiment

setup was developed for the DRTRS system. The system includes a DRTRS rumble unit, a control
cabinet, and two sensing technologies: radar and thermal cameras. First, DRTRS rumble unit was
installed on an experimental roadway section. Selection of the experimental roadway was
described in sub-section 4.3.1, and the installation procedure of the DRTRS rumble unit and
control cabinet were described in sub-section 4.3.2. Figure 28 shows a top-down view of the entire
study area of the experimental roadway section equipped with cameras and DRTRS rumble unit.

Figure 28: An All-inclusive Picture of Experimental Roadway Section and its Instrumentation
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6.3.1 Data Acquisition Cameras
The radar and thermal cameras were employed to collect the vehicle and pedestrian
attributes in response to active/inactive DRTRS system and the ambient roadway at different
parameter metrics, such as the presence of pedestrians and vehicles, and vehicular speed. Data
acquisition cameras were setup on the experimental location. The detailed of setup procedure was
described in sub-section 4.3.2. Figure 29 (a) presents three vehicle detection zones (i.e., Zones 1,
2, and 3) for TrafiRadar™. Figure 29 (b) also presents three pedestrian detection zones for
TrafiSense™. The zones were set as follows:
•

TrafiRadar™ Zones
o Zone 1 collects the speed profile of vehicles before DRTRS rumble unit
upstream
o Zone 2 collects the speed profile of vehicles upstream of DRTRS rumble
unit
o Zone 3 collects the speed profile of vehicles downstream of DRTRS rumble
unit

•

TrafiSense™ Zones
o Primary pedestrian detection zone along the length of the crosswalk
o Secondary pedestrian detection zone for jaywalking on right side of the
crosswalk
o Secondary pedestrian detection zone for jaywalking on left side of the
crosswalk

If a vehicle passes through these zones, then the TrafiRadar™ detects and records all three
cases for three pre-defined zones, along with their attributes. Similarly, if pedestrians cross through
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these zones, then the TrafiSense™ detects and records pedestrian events for those three pre-defined
pedestrian zones. Note that, once either TrafiRadar™ or TrafiSense™ detects a vehicle or
pedestrian in a certain designated zone, the zone becomes active and the border of that zone turns
white, as demonstrated in Figure 29 (a) and (b).

a) TrafiRadar™ feed

b) TrafiSense™ feed

Figure 29: Vehicle and Pedestrian Detection Zones Setup in Cameras

Figure 30 presents the schematic diagram of zone setup for collecting speeds upstream and
downstream of DRTRS rumble unit. When a vehicle crosses Zone 1, TrafiRadar™ immediately
records that as the active zone to collect a vehicle speed (VS) event before DRTRS rumble unit
upstream. Similarly, when that vehicle crosses Zone 2 following Zone 1, TrafiRadar™ records
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another event with the corresponding VS by activating Zone 2 at DRTRS rumble unit upstream.
In the next combination of Zones 2 and 3, Zone 2 serves as the vehicle detection zone upstream of
DRTRS rumble unit, while Zone 3 serves as the vehicle detection zone downstream of DRTRS
rumble unit. When the same vehicle crosses that zone, TrafiRadar™, activates the zone for
recording its speed as the last event for that specific vehicle. Accordingly, for every single vehicle,
the camera records three zone events. From those corresponding events, the study compared
upstream and downstream vehicle speeds as follows:
•

Zones 1 and 2: Pre-upstream and upstream VS for active/inactive DRTRS rumble
unit

•

Zones 2 and 3: Upstream and downstream VS for active/inactive DRTRS rumble
unit

Similarly, when a pedestrian started crossing the crosswalk, the primary pedestrian
detection became active to record the start and end events of that crossing pedestrian. However, if
pedestrians began to cross the road without using the designated crosswalk, TrafiSense™ also
recorded them as jaywalking pedestrians.
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Figure 30: Schematic of Zone Setup with Respect to
DRTRS Location

6.4

DESIGN EXPERIMENTS
Under the given scope of Objective 3, the DRTRS system design was setup to conduct

three experiments to evaluate DRTRS performance on speed reductions. The experiments include:
drivers’ speed reduction effects in response to active/inactive DRTRS (Experiment 1); benchmark
reference (Experiment 2); and vehicle speeds (Experiment 3).
The first experiment was designed to determine drivers’ speed reductions in response to
raised active DRTRS and inactive DRTRS. With raised active DRTRS, rumble units raise from
the ground, similar to traditional TRS. Alternatively, when DRTRS is inactive, rumble units
remain flat with the roadway’s surface. Following that, the second experiment was designed to
determine the drivers’ speed reduction with raised active DRTRS, and then compared that with
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the benchmark reference of normal roadway, which was demarcated with control-treatment
experiment. The control and treatment experiment groups are two sets of vehicle speeds on the
same roadway before and after the DRTRS system were installed, respectively. Lastly, the third
experiment was designed to evaluate the drivers’ speed reduction effects on different vehicle
speeds. The experiment compared speeds for two different speed profiles, separated at the 85thpercentile speed, which is a safe speed guide to minimize crashes (Forbes et al. 2012). The 85thpercentile speed of the experimental roadway was 33 mph (53.1 km/h).
Experiment 1: Experiment 1 pertains to the comparison of the vehicle slow-down effects
caused by raised active and inactive DRTRS. The upstream and downstream vehicle-speed data
were collected and compared for raised active and inactive DRTRS. Figure 31 presents the three
zones (Zones 1 and 2 at the upstream and Zone 3 at the downstream of DRTRS), in which the
TrafiRadar™ collected vehicle-speed data. Data were collected for both raised active and inactive
DRTRS.
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Figure 31: Representative Figure of Experiment Setup for Raised Active-Inactive DRTRS
(Not to Scale)

Experiment 2: Experiment 2 was designed to collect and compare the vehicle-speed data
for analyzing the driving behavior for control versus treatment experiments. The control
experiment group was for the benchmark reference of normal roadway. It consisted of vehicle
speeds at Zones 2 and 3 on the experimental roadway section before DRTRS was installed (see
Figure 32 (a)). The treatment experiment group was for raised active DRTRS, which consisted of
vehicle speeds from the same Zones 2 and 3 on that same experimental roadway section after
DRTRS was installed and active (see Figure 32 (b)). Besides, Zone 1 was for the pre-treatment
group (Godley et al. 2002), i.e., the area prior to DRTRS rumble unit area. The experiment site did
not have any stop sign or signal that might affect driving behavior. Consequently, any change in
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speed while transitioning through the treatment area can justifiably be attributed to active DRTRS
effect.

a) Control group

b) Treatment and pre-treatment group

Figure 32: Representative Figure of Zones Setup for Control and Treatment Groups (Not to
Scale)

Experiment 3: Experiment 3 was designed to evaluate drivers’ speed reduction effects by
active DRTRS on two different speed profiles: design-speed and top-speed vehicles, separated at
85th-percentile speed. For this experiment, the study utilized all three zones (Zones 1, 2, and 3, as
shown in Figure 32) setup for acquiring vehicle speed by the TrafiRadar™. Any vehicles in Zone
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1 running at ≤ 33 mph were defined as design-speed vehicles, while those running at > 33 mph
were defined as top-speed vehicles. In addition, the scope of this experiment allowed the study to
incorporate pedestrian status in the crosswalk captured by the TrafiSense™. Vehicle-speed data
were combined with pedestrian data to analyze pedestrian effects on driving behavior. As a result,
in each of the three monitoring zones (Figure 32), there are four vehicle-speed categories, as
presented in Table 11. The notations D and T stand for design-speed and top-speed vehicles,
respectively. Besides, PP and PA represent with and without pedestrian(s) in the crosswalk,
respectively.

Table 11: Vehicle-Speed Categories Based on Pedestrian and Speed Effect
Pedestrian status in the crosswalk Design-speed vehicles Top-speed vehicles

6.5

Presence

D-PP

T-PP

Absence

D-PA

T-PA

DATA COLLECTION
Appropriate sample size was determined before started collecting samples for Experiments

1,2, and 3. For purpose of different experiments, different types of sample data were collected, as
described as per the experiment type.
6.5.1 Appropriateness of Sample Size for Data Collection
For statistical significance, the minimum sample size (Roess et al. 2019) required for each
experiment was calculated by using the Equation 3 formula.
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𝑘 2
𝑁 ∗ = (𝑠 )
𝑒

Equation 3

where N* is the minimum sample size, s is the estimated sample standard deviation, k is the desired
confidence level constant, and e is the tolerance of the average speed estimate. Among them, s is
variable, while k and e values are constant. With the most common confidence interval (1-α), 95%
(where α is significance level), the corresponding k value is 1.962. A value of ±1 mph was used
for e, as the most rigorous and conservative value set by Federal Highway Administration (FHWA)
(Gerald J. Forbes et al. 2012; Roess et al. 2019).

6.5.2 Experiment 1
In Experiment 1, the unknown s was calculated as 7.21 mph (based on initial sample data),
which resulted in a minimum sample size of 189 for statistical significance. A total of 200 samples
of vehicle speed for each of active and inactive DRTRS were collected for subsequent analysis.
Sample speed data for active – inactive DRTRS experiment (Experiment 1) were collected by the
TrafiRadar™ between 01/24/2020 to 01/30/2020 before the COVID-19 shutdown affected driving
patterns.
6.5.3 Experiment 2
The study collected speeds of different and random sample vehicles upstream and
downstream of the experimental roadway section before installing DRTRS. For speed acquisition
purposes, the study used a Genesis Handheld Directional (GHD™) speed monitor, manufactured
by Decatur Electronics. Figure 33 presents the selected spots of the experimental roadway. The
GHD™ has the accuracy of recording speeds within ±1 mph. Among the two spots, spots 1 and 2
were upstream and downstream of DRTRS rumble unit, respectively.
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Figure 33: Location of the Genesis Handheld Directional (GHD™) for Recording Speed at
Different Sections

In Experiment 2, the s calculated from the initial sample was 4.44 mph and, thus, N*
equaled 76 based on Equation 1. A total of 80 samples were collected for this experiment. For
Experiment 2, control group speed data (without DRTRS installed) were acquired between
08/13/2018 to 08/19/2018, using the GHD™ device (Handheld Directional Radar User’s Manual
2010), as the TrafiRadar™ was not yet installed. In addition, the study did not collect vehicle
speeds with pedestrian crosswalk presence status during the control group experiment, as the
crosswalk had not yet been installed. To maintain data congruency, the experiment used the same
GHD™ instrumentation to acquire treatment group speeds (after DRTRS installed) between
12/07/2020 to 12/13/2020. Treatment group data were collected during the COVID-19 shutdown,
as there was no alternative. Note that, there is a limitation in the data congruency based on the
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presence/absence of the crosswalk on the experiment section. The crosswalk was only available
during the treatment group experiment, while that was not available during the control group
experiment. Figure 34 (a and b) demonstrate the vehicle speed data acquisition for the control and
treatment group experiments with the GHD™ instrumentation. Following that, the study evaluated
the control-and-treatment speed analysis with descriptive statistics, F-test statistics (Equation 4),
and Z-test statistics (Equation 5). This comparative control versus treatment group experiments
helped to infer decisions about the effectiveness of DRTRS on overall speed changes. Note that
the GHD™ speed data was only used for the control/treatment group experiment; all other
experiments associated with vehicle speeds were conducted using the TrafiRadar™.

a) Speed data collection before DRTRS installed

b) Speed data collection after DRTRS installed

Figure 34: Data Collection for Control versus Treatment Group Speed Analysis
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6.5.4 Experiment 3
For vehicle-speed design experiment (Experiment 3), vehicle speed and pedestrian status
were collected using the TrafiRadar™ and TrafiSense™, respectively, over 21 days from
02/06/2020 to 02/26/2020 for 24 hours a day before COVID-19 shutdowns affected normal driving
patterns. The TrafiRadar™ collected 8,679 individual vehicle-speed data points, which had passed
through all three Zones 1, 2 and 3. The TrafiSense™ collected 12,476 pedestrian status data points
in the crosswalk.
In summary, three types of data were collected: vehicle speed, pedestrian status, and
day/night status. Among these, TrafiRadar™ collected the vehicle speed data. These data were
recorded for all observed vehicles in Zones 1, 2, and 3 (see Figure 32). TrafiSense™ recorded the
pedestrian-related data, including the start and end times of all pedestrian crossings the crosswalk.
Additionally, jaywalkers, who crossed outside the crosswalks, were recorded. Both event types
were combined under the “pedestrian around the crosswalk” category. Pedestrian data were
synchronized with corresponding vehicle data to categorize vehicle events according to pedestrian
presence or absence status around the crosswalk. Similarly, the day/night status was tagged with
pedestrian status. With the collected data sets, the several data groups were extracted for further
analysis, presented in Table 12 Among the acquired data, a statistically significant sample size of
200 was estimated from the 8,483 observations, based on the parameters of effect size (0.3),
statistical significance (0.02), and power analysis (0.98), using the G*power tool for the Wilcoxon
signed rank test (Faul et al. 2007). Note that the recorded nighttime data were not significantly
large enough for further analysis. Therefore, discussion and analysis from sub-section Data
Analysis onwards use only the daytime data.
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Table 12: Descriptive Statistics of the Number of the Monitored Vehicles over Active DRTRS
Pedestrian around the crosswalk status Number of daytime data Number of nighttime data
Presence

368

4

Absence

8,115

192

6.6 DATA SCRAPING AND PREPARATION
The collected data were in raw format that needed to be stored, organized, and prepared for
subsequent analysis. This section discusses in detail about that data scrapping (store, organize,
etc.) and preparing for analysis.
6.6.1 Data
Data scrapping method: The author collected 8,483 data observations over 21 days within
the time frame of 02/06/2020 to 02/26/2020 with normal traffic conditions on the roadway. The
study acquired the real-time vehicle and pedestrian data in decimals of seconds’ precision through
TrafiRadar™ and TrafiSense™. The radar and thermal cameras were synchronized with an NTP
server to get event records at exact times. The NTP provides accurate and synchronized time data
to a computer client or server with reference to another server or time source. The used
TrafiRadar™ and TrafiSense™ are equipped with convenient APIs that allow data transmission
and storage in a web server through a network. For acquisition purposes, the author developed a
client application, which exploited the real-time event APIs from cameras to collect instantaneous
event data.
In the data acquisition program, communication was initiated with the server through
Websocket™, a computer communications protocol. Each event’s data arrived in serialized
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JavaScript Object Notation (JSON) file format, which was promptly dumped to the disk of the
server and categorized under a unique folder for each event type, as shown in Figure 35 (a). Every
event file contained that events’ times of arrival, a unique event number, and associated parameter
values. For subsequent analysis with that data, the author requested each JSON file from the server
using the secure shell connection for each client. Figure 35 (b) presents the simplified diagram of
data flow from the cameras, which work as generators to servers, to the clients. The program was
run in a Linux CentOS 7.8 operating system, configured with four Intel 475 Xeon E7-4870
processors (80 total cores), and 256GB of RAM memory. That program was run as a background
daemon for 21 days 24/7 and collected 25,449 data samples. The JSON files were processed in the
servers dumped directly by the cameras. MATLAB was used to read and extract data directly from
the JSON files.

a) Sample acquired data in

b) Diagram of data flow from generator to clients

JSON format

Figure 35: Data Sample and Their Flow Diagram to End Users
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Data Detail: The author collected three types of data, including vehicle speed, day/night
status, and pedestrian presence. Among those, TrafiRadar™ collected vehicle associated data, such
as identifying vehicle events, event times, and speeds. These data were recorded in the three zones
(Zone 1, Zone 2, and Zone 3) for each observed vehicle, as shown in Figure 16 I. TrafiSense™
recorded pedestrian-related data including the start and end times of each pedestrian crossing the
crosswalk, or jaywalkers, who did not use the crosswalk for crossing the road, and their
corresponding event times. Pedestrian data were then tagged with the corresponding vehicle data
to categorize vehicle events according to the presence or absence of pedestrians in the crosswalk.
For example, if any vehicle approached the downstream crosswalk between the start and end time
of a pedestrian crossing the road, the data from these two entities were paired as a pedestrian event.
Alternatively, if a vehicle approached the crosswalk when there was no crossing pedestrian, it was
tagged as a non-pedestrian event. Similarly, the day/night status was tagged with vehicle speed
events, as well as with pedestrian presence events. With the collected data sets, the following
groups of data were extracted for further analysis:
•

Daytime data, presence of pedestrians around the crosswalk

•

Daytime data, absence of pedestrians around the crosswalk

•

Nighttime data, presence of pedestrians around the crosswalk

•

Nighttime data, absence of pedestrians around the crosswalk
The study collected the above-categorized data with active DRTRS, including the ambient

section for reference. Noticeably, the amount of nighttime recorded data was not statistically
significant for further analysis. Therefore, the subsequent analysis focused on the speed profile
data of vehicles recorded during the daytime.
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6.6.2 Data Preparation
The acquired data contain pedestrian and vehicle information. The pedestrian information
has the presence or absence status of a pedestrian around the crosswalk to compare drivers’ speed
reductions in response to these two statuses. On the other hand, the vehicle information includes
the vehicle speed and vehicle detection zone. There were three zones used to collect speed data:
Zone 1, before the ambient section; Zone 2, between the ambient section and DRTRS rumble unit;
and Zone 3, after DRTRS rumble unit, as presented in Figure 16 (c). The vehicle speed (VS) data
were classified into six groups based on pedestrian presence and vehicle detection zone. Table 13
summarizes these groups. The group of VS data is named with the initials of each parameter. For
example, VS1P represents the vehicle speeds in Zone 1 when there is a pedestrian around the
crosswalk.

Table 13: Vehicle Speed Data Group
Pedestrian status

Vehicle detection zones
Zone 1

Zone 2

Zone 3

Present (P)

VS1P

VS2P

VS3P

Absent (A)

VS1A

VS2A

VS3A

5.6.2.1 Preparation of Vehicle Speed Data
The speed data collected at the three-vehicle detection zones were divided into subsets
based on factors, such as the presence of pedestrians around the crosswalk and the vehicle approach
speeds. The purpose of these data subsets was to observe the effects of pedestrian presence and
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vehicle speed on the reduction of vehicle speeds in response to active DRTRS. The criteria and
methods used to divide the data are described below.
Preparation of data for comparative speed analysis with the presence or absence of
pedestrians: The study considers pedestrian status to evaluate its effect on changes in driving
behavior. For instance, the speeds of VS2P were subtracted from those of VS3P to calculate
changes in speed in response to active DRTRS and pedestrian(s) in the crosswalk. This study also
considers speed changes in the ambient section (e.g., VS2P minus VS1P) to evaluate how drivers
slow down their vehicles when they see pedestrian(s) in the crosswalk. This is used to compare
driving behavioral changes before experiencing DRTRS. Further, the study compared the same
scenarios, but without pedestrians in the crosswalk. This case used VS1A, VS2A, and VS3A
groups. Note that positive and negative values of changes in speed represent increases and
decreases in speed, respectively.
Preparation of data for comparative speed analysis with design- and top-speed vehicles:
The magnitude of the speed-reducing effect due to active DRTRS might vary for different speeds.
To evaluate this effect, the study compared the speed-reducing effect of DRTRS for two different
speed profiles, separated by the 85th-percentile speed (33 mph) of the experimental roadway. Any
vehicles in Zone 1 running within the speed of 33 mph were defined as design-speed vehicles, and
the others were defined as top-speed vehicles. To apply these classifications to the data sets, data
were separated by the 85th-percentile speed to create data sets for design- and top-speed vehicles.
Combination of prepared data for pedestrian and speed effect: After preparing the data
with pedestrian presence and approaching speeds, they were merged to analyze their combined
effect on driving behavior. As a result, within any of the three zones, there is a list of four
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categories, under which the vehicle speeds were classified. The notations D and T stand for design
and top- speed vehicles, respectively. Besides, PP and PA represent the presence and absence
status of pedestrians in the crosswalk.
•

Design-speed vehicles approaching the crosswalk without a pedestrian (D-PA)

•

Design-speed vehicles approaching the crosswalk with a pedestrian (D-PP)

•

Top-speed vehicles approaching the crosswalk without a pedestrian (T-PA)

•

Top-speed vehicles approaching the crosswalk with a pedestrian (T-PP)

6.7 DATA ANALYSIS
The speed data upstream and downstream of the experiment site collected for Experiment
1 were analyzed and compared with descriptive statistics that allow for a quantitative
understanding of speed reduction associated with active and inactive DRTRS. For Experiment 2,
control-and-treatment group experiment was performed to compare the DRTRS performance on
speed reduction with the ambient roadway. For Experiment 3, the speed data were fitted with the
identified best distribution model for comparing distribution parameters, and this was followed by
hypothesis test to infer decisions about the significance of speed reductions.
6.7.1 Experiment 1
The speed data upstream and downstream of the installation site collected for Experiment
1 were analyzed and compared with descriptive statistics that allowed for a quantitative
understanding of vehicle speed reduction associated with active and inactive DRTRS. This
descriptive analysis would help the study to infer decision about the comparative performance of
the active and inactive DRTRS prototype on speed reductions.
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6.7.2 Experiment 2
The upstream and downstream speed data for Experiment 2, control-and-treatment group
experiment, were analyzed and compared with descriptive statistics, speed variances, and speed
proportions. The analysis allowed for a quantitative understanding of vehicle speed reduction
associated with control and treatment group.
6.7.2.1 Comparison of control and treatment group speed profiles
The comparative analysis of control-and-treatment group speed profiles included overall
changes in speed proportions, speed variances, etc. The comparison of speed proportions allowed
the study to compare the overall control-and-treatment group speed proportions to see if they were
the same even after DRTRS installation (Bartoszynski and Niewiadomska-Bugaj 2008).
6.7.2.2 Comparison of speed variances
The comparison of speed variances was used to test if the overall variances of two
populations, i.e., control-and-treatment group speeds, were equal. This is a two-tailed test against
the alternative that the variances were be equal (Bartoszynski and Niewiadomska-Bugaj
2008). The associated null hypothesis for comparison of speed variances is that the standard
deviations of the upstream and downstream speeds of the experiment site, for both of control-andtreatment group, are equal. The hypothesis test for variances is defined as:
𝑁𝑢𝑙𝑙 ℎ𝑦𝑝𝑜𝑡ℎ𝑒𝑠𝑖𝑠, 𝐻0 : 𝜎𝑈2 = 𝜎𝐷2
𝐴𝑙𝑡𝑒𝑟𝑛𝑎𝑡𝑒 ℎ𝑦𝑝𝑜𝑡ℎ𝑒𝑠𝑖𝑠, 𝐻𝐴 : 𝜎𝑈2 ≠ 𝜎𝐷2
where, 𝜎𝑈2 and 𝜎𝐷2 are the population variances of upstream and downstream speeds, respectively.
For this hypothesis test, the F-test of equality of variances was used to compare the variance
of upstream and downstream speeds observed at the site during control-and-treatment group
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experiment (Donnell et al. 2016; Roess et al. 2019). The F-test of equality of variances follows the
test statistic as presented in Equation 4.
𝑆𝑈2
𝐹= 2
𝑆𝐷

Equation 4

where SU and SD are the standard deviations of the upstream and downstream sample speeds that
were observed in control-and-treatment group experiment, respectively. The test statistics from
Equation 4 were compared to a critical value of a 5% significance level (α), which was determined
based on the confidence interval (1- α) and sample size. Rejecting the null hypothesis suggests that
the standard deviations of speed were different in the upstream and downstream, while failing to
reject the null hypothesis suggests that they were statistically equivalent.
6.7.2.3 Comparison of speed proportions
The null hypothesis associated with the comparison of speed proportions is that the
proportions of upstream and downstream speeds running at greater than 25 mph (posted speed
limit) in the experiment location (i.e., before DRTRS was installed and after DRTRS was installed)
are equal. The samples of upstream and downstream speeds are assumed independent. The
hypothesis test for comparison of proportions is defined as:
𝑁𝑢𝑙𝑙 ℎ𝑦𝑝𝑜𝑡ℎ𝑒𝑠𝑖𝑠, 𝐻0 : 𝑃𝑈 = 𝑃𝐷
𝐴𝑙𝑡𝑒𝑟𝑛𝑎𝑡𝑒 ℎ𝑦𝑝𝑜𝑡ℎ𝑒𝑠𝑖𝑠, 𝐻𝐴 : 𝑃𝑈 ≠ 𝑃𝐷
where PU and PD are the population proportions of upstream and downstream speeds from the
experiment site (control-and-treatment), respectively.
The z-test of proportions was used to compare the proportion of vehicles exceeding the
posted speed limit and the proportion of vehicles traveling within the pace for control-and-
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treatment group—before and after DRTRS installation (Donnell et al. 2016; Roess et al. 2019).
The z-test of proportions follows the test statistic as presented by Equation 5.
𝑝𝑈 − 𝑝𝐷

𝑍=

√𝑝(1 − 𝑝) (

1
1
𝑛𝑈 − 𝑛𝐷 )

Equation 5

where pU and pD are the sample proportions of upstream and downstream speeds from the before
and after DRTRS installation periods (control-and-treatment group), respectively; nU and nD are
the sample sizes for the corresponding upstream and downstream speeds proportions; and P is the
combined proportion in both samples. The test statistics from Equation 5 were compared to a
critical value of a 5% significance level (α), which was determined based on the 95% confidence
interval (1-α) and sample size. Rejecting the null hypothesis with Z > (α = .05) indicates that the
sample proportions differed, while accepting the null hypothesis indicates that the sample
proportions were equal.
6.7.3 Experiment 3
The upstream and downstream speed data for Experiment 3, incorporated with vehicle
speed and pedestrian presence status, were analyzed and compared with fitted distribution model
and associated model parameters. The analysis allowed for a quantitative understanding of vehicle
speed reduction in response to vehicle running speed and pedestrian presence status on the
downstream crosswalk.

6.7.3.1 Probability distributions of the acquired speed data and selection of the best distribution

The goal of the analysis is to evaluate the significance of the speed-reducing behavior of
drivers in response to active DRTRS. For proper evaluation, the collected data should be explained
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in a probability distribution model that allows a statistical analysis with model parameters. This
study explored various probability distribution models to identify the probability distribution that
was best fitted to the acquired speed data for comparing defined speed groups from the distribution
parameters.
Best-fit probability distribution model: The distribution model fit is the process used to
select a statistical distribution model that best fits and resembles the nature of a dataset (Ramberg
et al. 1979). Multiple models may be suitable for fitting a dataset and explaining the nature of the
dataset. To evaluate the fit of a model to data, also known as the goodness of fit, each tested model
is checked with the dataset by quantifying the loss of information between the data and the
candidate distribution function (McDonald 1989). There are several methods for comparing and
selecting data distribution models. Among them, the Akaike Information Criterion (AIC) (Akaike
1974) and Bayesian Information Criterion (BIC) (Burnham et al. 1998) are two of the well-known
methods. AIC is an estimate of a constant plus the relative distance between the unknown true
likelihood function of the data and the fitted likelihood function of the model, as presented in
Equation 6. On the other hand, Equation 7 shows the BIC, which is an estimate with a greater
penalty for the number of parameters plus the likelihood function distances of the data and model.
A lower AIC or BIC indicates a better fitting of a model with the empirical dataset.

̂ ) + 2𝑝
𝐴𝐼𝐶 = −2 log 𝐿 (Ѳ

Equation 6

̂ ) + log(𝑛) 𝑝
𝐵𝐼𝐶 = −2 log 𝐿 (Ѳ

Equation 7

̂ , and L are the number of parameters in the model, the number of observations, value
where p, n, Ѳ
of observation, and the likelihood of the models, respectively.
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Selection of the best model for the speed data classified by the pedestrian presence
and approach speed: Figure 36 shows the fitted distribution models of three-speed profile data
corresponding to the three zones. The study fitted approximate models to the data to identify the
best-fitted model. The speed data, collected before the ambient section and before active DRTRS,
followed the Generalized Extreme Value (GEV), Inverse Gaussian, Birnbaum–Saunders, and
Lognormal distributions. However, the speed data collected after DRTRS followed GEV, Loglogistic, t Location-scale, and Lognormal distributions. After fitting the models, the study ranked
the models based on the AIC and BIC indices.
Table 14 presents the AIC and BIC values for the fitted distribution models, with the BIC
values in parentheses. For any of the three-speed profiles in the three zones, the GEV model
presents the smallest AIC and BIC values.

a) Before the ambient section

b) After the ambient section

c) After active DRTRS

and before active DRTRS

Figure 36: Fitting the Best Distribution to Speed Profile Data

112

Table 14: Selection of the Best Model by AIC and BIC Criteria
Fitted distributions of speed profiles
Zones

Inverse

Birnbaum

GEV

Log-

t-Location-

logistic

scale

N/A

N/A

N/A

N/A

50,884

49,914

50,297

(50,899)

(49,928)

(50,319)

Lognormal
gaussian

saunders

AIC 60,577

60,816

60,896

60,955

(BIC) (60,598)

(60,831)

(60,911)

(60,969)

60,022

60,511

60,595

60,653

(60,043)

(60,526)

(60,610)

(60,668)

N/A

N/A

Before the
ambient
(Zone 1)
Before the
DRTRS
(Zone 2)
After the
48,959
DRTRS
(48,980)
(Zone 3)

Accordingly, this study selected the GEV model as the best-fitted distribution for the speed
profiles of all three zones. The GEV distribution is a family of continuous probability distributions
developed within extreme value theory (Pinheiro and Ferrari 2015). The GEV distribution
integrates the Gumbel (Gumbel 1954), Fréchet (Muraleedharan et al. 2009) and Weibull
distributions (Jiang and Murthy 2011) into a single-family to allow a continuous range of possible
shapes. The GEV distribution is parameterized with shape, location, and scale parameters. It has
the Probability Density Function (PDF) as shown in Equation 8:
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1
1
1
𝑒𝑥𝑝 (−(1 + 𝑘𝑧)−𝑘 ) (1 + 𝑘𝑧)−1−𝑘
𝑓(𝑥; μ, σ) = {σ
1
𝑒𝑥𝑝(−𝑧 − exp (−𝑧))
σ

where 𝑧 =

𝑘≠ 0
Equation 8
𝑘=0

(𝑥−μ )
σ

; and k, σ, μ are the shape, scale, and location parameters of the distribution,

respectively. The scale parameter must be positive (σ > 0); the shape and location can take on any
real value. An advantage of the GEV distribution is that the distribution of the extreme value of
vehicle speeds asymptotically approaches a known distribution, for which the original parent
distribution is not required to be known (Makkonen and Tikanmäki 2019). The GEV distribution
itself assumes that the vehicle speeds are distributed according to one of the theoretical asymptotic
extreme value distributions: Weibull, Fréchet, or Gumbel (Makkonen and Tikanmäki 2019;
Muraleedharan et al. 2009). Additionally, the GEV distribution has additional flexibility provided
by the shape parameter that helps it to resemble the shape characteristics of the parent distribution
(Papalexiou and Koutsoyiannis 2013). As a result, this distribution is more flexible to follow any
of the other extreme value distributions with its shape parameters. Based on this and the model fit
results, the study selected and fitted the GEV distribution to the speed profiles of four categories,
i.e., D-PA, D-PP, T-PA and T-PP, for all three zones.
6.7.3.2 Analysis of speed data considering pedestrian and speed effects
After identifying the best distribution for vehicle speed profiles, hypotheses testing about
DRTRS’s speed reduction effects were conducted through non-parametric tests. The speeds before
and after active DRTRS rumble unit were from the same vehicle observations for which the paired
sample tests were recommended (Hsu and Lachenbruch 2005; Laake and Fagerland 2015). This
study used non-parametric paired sample test, a Wilcoxon signed-rank test, given that it satisfies
the assumptions of paired data observations. The study formulated the Wilcoxon signed-rank test
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with the one-sided hypothesis to evaluate whether active DRTRS was effective in reducing speeds.
The null hypothesis of the Wilcoxon signed-rank test is taken as equal medians as it does not
assume any known distributions.
Non-parametric tests for speed comparisons: The study conducted the Wilcoxon signedrank test for the significance of differences in speeds before and after active DRTRS, as presented
in Equation 9 (Woolson 2008).

𝑍=

𝑛(𝑛 + 1)
4
√𝑛(𝑛 + 1)(2𝑛 + 1) − 𝑡𝑎
24
𝑊−

Equation 9

where Z is the standard score, W is test statistic, n is observation number, and ta is the tie
adjustment factor. The test statistic (W) and tie adjustment factor (ta) can be defined by Equation
10 and Equation 11, respectively.
𝑁𝑟

𝑊 = ∑[𝑠𝑔𝑛(𝑥Zone2,𝑖 − 𝑥Zone3,𝑖 ). 𝑅𝑖 ]

Equation 10

𝑖=1

𝑡𝑎 =

𝑡3 − 𝑡
48

Equation 11

where sgn is the sign of a real number, x ZonI2,i is speeds upstream of active DRTRS, x ZoIe3,i is speeds
downstream of active DRTRS, Ri is the sum of the ranks for the sample, and t is the total number
of ties. The Wilcoxon signed-rank test was formulated with a one-sided hypothesis to evaluate
whether active DRTRS was effective in reducing downstream speeds, compared to upstream
speeds.
Hypothesis of the speed-reducing effect of active DRTRS using Wilcoxon signed-rank
test: Hypothesis 1 below evaluates whether the groups’ medians of speed profile after active
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DRTRS are significantly lower than the speed profile’s median before crossing active DRTRS. W
is the sums of the signed-ranks of the sample speeds.
Null hypothesis: The speed changes by active DRTRS come from
a distribution with median = 0, so active DRTRS does not have

Ho: Wdown = Wup

speed-reducing effect
Hypothesis 1
Alternate hypothesis: The speed changes by active DRTRS come
from a distribution with median less than 0, so the distribution of

Ha: Wdown < Wup

speeds after crossing active DRTRS shifts to the left

The study performed significance tests with an 0.05 (α) significance level. Both of the
above-mentioned tests confirmed the significance level by comparing their associated P-values
with the significance level. A P-value greater than 0.05 (α > .05) indicated that there was not
enough evidence to reject the null hypothesis of the equal median speeds (for the Wilcoxon test)
before and after active DRTRS at a 5% significance level (α). On the other hand, a P-value less or
equal to 0.05 (α ≤ .05) provided enough evidence to reject the null hypothesis in favor of the
alternative one about the reduction in speeds after crossing active DRTRS with a 95% significance
interval (1-α).
Sub-hypotheses for Wilcoxon signed-rank test: Table 15 shows the sub-hypotheses
within the scope of Hypothesis 1 to evaluate the significance in speed reduction by active DRTRS
for four categories of speed profiles, i.e., D-PA, D-PP, T-PA, and T-PP. The notations hold the
same meaning as described in preceding sections (see Table 11).
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Table 15: Sub-hypotheses of the Wilcoxon Signed-rank Test
Categories

Wilcoxon signed-rank test
Sub-hypotheses

Null

Alternate

(Ho)

(Ha)

D-PA

2.1

WZone3 D-PA = W Zone2 D-PA

WZone3 D-PA < W Zone2 D-PA

D-PP

2.2

W Zone3 D-PP = W Zone2 D-PP

W Zone3 D-PP < W Zone2 D-PP

T-PA

2.3

W Zone3 T-PA = W Zone2 T-PA W Zone3 T-PA < W Zone2 T-PA

T-PP

2.4

W Zone3 T-PP = W Zone2 T-PP

W Zone3 T-PP < W Zone2 T-PP

In summary, the study analyzed the data to assess the performance of active DRTRS on
drivers’ speed-reducing behavior. First, the study collected vehicle speed profiles for each of the
three zones and classified each zone’s data in four categories of D-PA, D-PP, T-PA, and T-PP
using pedestrian status on the crosswalk and approach speeds. Then, that categorized speed data
were fitted in the best-fitted probability distributions for their parameter estimations. Following
that, the study compared parameters for four categories of Zone 2 with those of Zone 3 to evaluate
speed-reducing behavior in response to active DRTRS. Finally, the study conducted significance
tests for speed reductions by active DRTRS using a non-parametric hypotheses test.
6.8 RESULTS AND DISCUSSION
6.8.1 Results
The analyzed results present the quantitative comparisons of vehicle speeds for
Experiments 1, 2 and 3 that were conducted to evaluate DRTRS performance upon different
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experimental circumstances. In addition, this section discusses the results for the significance test
and distribution shifting using the Wilcoxon signed-rank test under the scope of Experiment 3.
6.8.1.1 Experiment 1
Table 16 provides the summary statistics of crossing pedestrians using data from
TrafiSense™. Based on pedestrian presence, state of DRTRS changed between active (rumble)
and inactive (smooth). A total of 12,476 pedestrians were detected during 21 days, with an average
of 594 pedestrians/day in and around the crosswalk. The data show that pedestrians took 3.56
seconds, on average, to cross the 10-foot-long crosswalk, with a standard deviation of 1.64
seconds. Combining the average pedestrians and crossing times, average active DRTRS time was
35.27 minutes in a day. For the busiest day, with 1,081 pedestrians, DRTRS remained active 64.14
minutes, around one hour of the entire day, to provide potential warnings about pedestrian presence
around the crosswalk area. The remaining time, when it remained inactive, drivers experienced
normal roadway driving, which could reduce TRS avoidance maneuvers reported in past research
(Fontaine and Carlson 2001; Miles et al. 2006; Porter et al. 2004).

118

Table 16: Descriptive Statistics of Crossing Pedestrians
Observation

Number

Number of

Total

period

of days

crossing

recorded time

(seconds/

pedestrians

for crossing

pedestrian)

pedestrians

Pedestrians/day

Crossing time

Mean

Std

Min

Max

Mean

Std

594

396

92

1,081

3.56

1.64

(hrs)
02/06/2020
to

21

12,476

12.35

02/26/2020

To compare changes in speeds for active and inactive DRTRS, sample speed data were
collected with the installed prototype for a week (Hossen et al. 2019). Unfortunately, the first
prototype installation was not perfectly leveled with the roadway surface, and therefore, even
during inactive DRTRS, there were some unwanted sounds and vibrations, which resulted in
vehicle speed reduction (see Table 17). As a result, the comparative changes in speed results show
that for cases of active and inactive DRTRS, speed reduction from upstream to downstream was
similar, around 3.40 mph. To overcome the inactive DRTRS issue with the current prototype
design, speed reductions were compared between control and treatment group (Experiment 2), in
which the control group data was the closest approximation of ideally inactive DRTRS.
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Table 17: Mean and Standard Deviation of Speed Data for Active versus Inactive DRTRS
Comparison
Experiment location

Vehicle speed with active

Vehicle speed with inactive

DRTRS

DRTRS

Mean

Standard deviation

Mean

Standard deviation

(mph)

(mph)

(mph)

(mph)

Upstream of DRTRS rumble unit

20.67

11.97

19.24

10.50

Downstream of DRTRS rumble unit

17.18

7.92

15.97

7.09

6.8.1.2 Experiment 2
The analyzed results of upstream and downstream speed data for Experiment 2, controland-treatment group experiment, present the descriptive statistics and statistical significance test
of associated hypotheses. Note that, the analyzed and discussed results for experiment 2 are
specific to the experimental setup with the limitations of having no crosswalk during the control
group experiment. The results help the study to comprehend a comparative idea about the upstream
and downstream speed for control and treatment group.

Comparison of control and treatment group speed profiles
This experiment was used to compare the control and treatment group speeds to observe
the effects of DRTRS. Table 18 presents the 85th-percentile and mean speed profiles for the two
conditions. The research scope was focused on comparison of control and treatment group, without
having classified comparisons based on weekday/weekend or day/night, as there were not
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statistically significant numbers of vehicles during the nighttime or on weekends. These low
volumes are attributed to the University’s working hours, as there are very few students present in
the areas during the nighttime or on weekends. For control group, the results show that there were
no noticeable speed changes for the 85th-percentile and mean speed upstream and downstream of
the installation site. However, for the treatment group, the 85th-percentile speed reduced by 4 mph,
from 25 to 21 mph. For mean speed, the reduction was even higher, 4.78 mph. As a result, drivers
in the treatment group experiment, i.e., active DRTRS, reduced 85th-percentile and mean speeds
by 15.98% and 21.50%, respectively.

Table 18: Comparison of 85th Percentile and Mean Speed Profiles for Control and Treatment
Group Experiment
Experiment location

Vehicle speed in before installation

Vehicle speed in after installation

(control group)

(treatment group)

85th Percentile

Mean

85th Percentile

Mean

(mph)

(mph)

(mph)

(mph)

Upstream

25.30

22.54

25.00

22.23

Downstream

25.00

22.18

21.00

17.45

Reduction in speed (%)

1.20%

1.60%

15.98%

21.50%

Speeds for the control group were taken before installation of the crosswalk.

Comparison of speed variances
To conduct the comparisons of variances for upstream and downstream speed data, F-tests
were performed for cases of both control and treatment groups. The associated hypothesis for
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comparison of speed variances was described in the data analysis section of this chapter, 6.7.2.2,
and the corresponding hypothesis results are presented in Table 19.

Table 19: F- Test for Upstream and Downstream Speed Variances
Statistic

F-test for two-sample variances:

F-test for two-sample variances:

control group

treatment group

parameters

Upstream

Downstream

Upstream

Downstream

Mean (mph)

22.18

22.54

22.23

17.45

Variance

14.98

18.94

16.15

10.12

Observations

80

80

80

80

df

79

79

79

79

F

1.26

0.63

P(F<=f) one-tail

0.15

0.02**
*** p<0.01, ** p<0.05, * p<0.1

For the experiment using speed data of the control group, the outputs from the analyzed
results indicated that the variance for upstream speed was 14.98, and for downstream speed, it was
18.94. For the F-test experiment, the p-value for the variances test was in the one-tailed form,
presented as P(F<=f) one-tail. For the experiment of control group, the p-value (0.15) was greater
than the standard significance level of 0.05, so that the null hypothesis of equal variance was not
rejected. The speed data for the control group agreed with the hypothesis statement: that the
population variances of upstream and downstream speeds are not different. There was no
variability of speeds upstream and downstream of the experiment location during the control group
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period. The similarities of speed distribution, as analyzed by the numerical measures of variances,
could also be justified by the individual value plot, as presented in Figure 37 (a).
For the experiment using the speed data for treatment group, the outputs from analyzed
results indicated that the variance for upstream speed was 16.15, and for downstream speed, it was
10.12. The p-value (0.02) was less than the standard significance level of 0.05, so that the null
hypothesis of equal variance could be rejected. The speed data for the experiment with treatment
group supported the hypothesis that the population variances of upstream and downstream speeds
were different. There was variability of upstream and downstream speeds in the experimental
location after DRTRS installation period. The differences of that speed distribution, as analyzed
by the numerical measures of variances, could also be justified by the individual value plot, as
presented in Figure 37 (b).
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Figure 37: Individual Value Plot for Upstream and Downstream Speed

Comparison of speed proportions
A test of upstream and downstream speed proportion assesses whether or not a sample
from a population represents the true proportion from the entire population. The associated test
hypothesis and test statistic were described in the data analysis section of this chapter, 6.7.2.3. The
analyzed results of the test statistic help to determine if the test statistic falls in the critical region.
If it does, we can reject the null hypothesis with a significance level. If it does not, we fail to reject
the null hypothesis in favor of the alternative hypothesis. The corresponding test statistic of speed
proportions are presented in Table 20.
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Table 20: Test Statistics for Comparison of Speed Proportions
Statistic parameters

Proportions (>25 mph)
Sample size

Comparing proportions (z-test):

Comparing proportions (z-test):

control group

treatment group

Upstream

Downstream

Upstream

Downstream

0.15

0.14

0.09

0.01

80

80

80

80

Standard error

0.06

0.03

Z-value

0.23

2.18

P(Z<=z) two-tail

0.82

0.03**
*** p<0.01, ** p<0.05, * p<0.1

Based on the results shown in Table 20, the null hypothesis could be rejected for the
treatment group with a 95% confidence interval, or equivalently if p < 0.05. The results also
showed that, for control group, the study failed to reject the null hypothesis as the p-value was
0.82 (> 0.05). From the hypothesis results of speed proportions, it could be inferred that the
proportions of downstream speeds moving above 25 mph were more common than those of
upstream speeds in the entire population before DRTRS installation, in support of the null
hypothesis.
For the same comparison of speed proportions after DRTRS installation (treatment group),
the p-value was smaller than the significance level (0.05); consequently, the null hypothesis could
be rejected with a 95% confidence interval. Thereafter, the hypothesis results helped to infer the
decision that the proportion downstream speeds moving above 25 mph were different than those
of upstream speeds in the entire population, after DRTRS installation.
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6.8.1.3 Experiment 3
The analyzed results of upstream and downstream speed data for Experiment 3 associated
with vehicle speed and pedestrian status, present the quantitative and statistical comparison of
upstream and downstream speed under different case conditions. The results help the study to
comprehend a comparative idea about the upstream and downstream speed for different vehicle
running speed and pedestrian status in the downstream crosswalk.

Comparison of upstream and downstream speed profiles for design and top-speed vehicles
The study calculated the mean and standard deviation from the GEV distribution. Table 21
presents the mean and standard deviation derived from the GEV distribution models for all
categories of D-PA, D-PP, T-PA, and T-PP (see Table 11), where the standard deviation values
are in parentheses. N represents the sample size of each category. The standard deviations obtained
from the GEV distributions are presented in parentheses and in italic text format.
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Table 21: Mean and Standard Deviation of Speed Profiles for Design and Top-speed Vehicles
Mean speed of design-speed

Mean speed of top-speed
Without

Without

With pedestrian (D-

pedestrian (D-PA)

PP)

Zones

With pedestrian
pedestrian (T(T-PP)
PA)

(N=6,925)

(N=332)

(N=36)
(N=1,190)

Mean 12.4

11.9

38.8

38.0

SD (6.2)

(5.1)

(9.1)

(9.4)

12.9

12.2

30.3

28.9

(9.5)

(6.7)

(12.5)

(11.8)

12.8

12.2

18.4

14.3

(4.2)

(3.4)

(11.4)

(4.2)

Zone 1

Zone 2

Zone 3

The standard deviations of vehicle speeds at Zone 3 were observed to be smaller than in
Zone 2, either with the design or top-speed vehicles. This smaller standard deviation of speeds
could be attributed to drivers’ attitudes, as they were potentially more focused after being alerted
by active DRTRS, which is supported by the GEV distributions. Figure 38 and Figure 39 show the
PDF of the GEV distribution for the four categories of speed profiles, i.e., D-PA, D-PP, T-PA, and
T-PP, and Table 21 presents their parameter statistics.
Design-speed vehicles: Figure 38 shows that the speeds of D-PA and D-PP categories in
the three zones were almost identical and clustered around 11.9 to 12.9 mph, as calculated by the
location parameter of the GEV distribution. In the ambient section between Zone 1 and Zone 2,
the spread of the speed data before the ambient section and before active DRTRS showed no large
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difference. The plots in Figure 38 also show a higher peak with similar mean values and slightly
smaller standard deviations after crossing active DRTRS, implying that the speeds become more
homogenous and clustered around the mean with greater probability density. After crossing active
DRTRS, i.e., at Zone 3, standard deviations smaller than in Zone 2 were observed for the GEV
distribution, which could be attributed to more steady driving in response to active DRTRS.
Interestingly, no such speed reduction was observed with the design-speed vehicles.

a) Speed distributions of design-speed vehicles

b) Speed distributions of design-speed vehicles

without pedestrian in the crosswalk

with a pedestrian in the crosswalk

Figure 38: Generalized Extreme Value Distributions for Speed Profiles of Design-speed
Vehicles
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Top-speed vehicles: Figure 39 shows the speed distributions of top-speed vehicles for all
three zones, where drivers reduced their speeds after crossing either the ambient section, i.e., in
Zone 2, or active DRTRS in Zone 3 compared to Zone 1. However, active DRTRS had a larger
speed-reducing effect compared with that of the ambient section for categories of T-PA, T-PP. For
example, with the T-PP category, drivers reduced their mean speeds to 28.9 mph, as calculated by
the GEV, around the posted speed limit of the road while traveling in the ambient section.
However, drivers reduced their mean speeds to 14.3 mph after crossing active DRTRS, around
11.0 mph slower than the posted speed limit. It is worth highlighting that for top-speed vehicles,
the large speed reduction was observed regardless of the presence of pedestrians in the crosswalk,
which suggests that the speed reduction was effectively caused by DRTRS and not only by the
driver’s awareness of the pedestrians.
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a) Speed distributions of top-speed vehicles

b) Speed distributions of top-speed vehicles

without pedestrian in the crosswalk

with a pedestrian in the crosswalk

Figure 39: Generalized Extreme Value Distributions for Speed Profiles of Top-speed Vehicles

The presented results suggest that the speed-reducing effect of active DRTRS was larger
for top-speed vehicles than that for design-speed vehicles. For top-speed vehicles, such a large
reduction in speed was noticeable regardless of the presence of pedestrians in the crosswalk.
Besides, with the presence of the pedestrian in the crosswalk, drivers seemed to be more focused
on reducing speeds after crossing active DRTRS, which could be described with the smaller means
and standard deviations. For instance, for top-speed vehicles with pedestrians in the crosswalk, the
speeds after active DRTRS (Zone 3) had a smaller standard deviation of 4.2 mph, compared to
11.8 mph in Zone 2, as shown in Table 21, with the GEV parameters of the T-PP category. For
any of the tested categories, i.e., D-PA, D-PP, T-PA, and T-PP, the speeds in Zone 3, after crossing
active DRTRS, were more clustered around the mean, compared to Zones 1 and 2. This result
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suggests that active DRTRS is effective to attract drivers’ attention to more focused driving, which
was observed for both design and top-speed vehicles.
Hypothesis tests of significance of the speed-reducing effect of DRTRS
Table 22 presents the significance tests for the Wilcoxon signed-rank test, as formulated
by the sub-hypotheses of Hypothesis 1. The sub-hypotheses are significance tests on the classified
group based on pedestrian presence and vehicle speed.
Significance tests for design-speed vehicles: Sub-hypothesis 1.1, as presented in Table 22,
investigates the speed reductions of the D-PP category, which confirms that there was no
significance of speed reductions for that D-PP category, with a P-value < .05. Furthermore, for the
significance of speed reductions of the D-PA category, as tested by Sub-hypothesis 1.2, there was
no statistical evidence to conclude that this was a significant reduction, which was confirmed with
the Wilcoxon test. The non-significant speed reductions could be attributed to the fact that drivers
were precautious about pedestrian presence and might not have felt that it was necessary to slow
down their vehicles.
Significance tests for top-speed vehicles: Table 22 shows that active DRTRS decreased
vehicle speeds for the T-PP category. Sub-hypothesis 1.3 confirmed that this speed reduction had
strong statistical significance. Similarly, Sub-hypothesis 1.4 suggested a significant speed
reduction for the T-PA category. For any of the given cases with top-speed vehicles, i.e., T-PP and
T-PA, the Wilcoxon signed-rank test provided the same significance results at a 95% confidence
level. As a result, the study could conclude that active DRTRS was significantly effective in
reducing speeds for top-speed vehicles.
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Table 22: Hypothesis Tests Results of Wilcoxon Signed-rank Test
Categories

Wilcoxon signed-rank test
Hypotheses

Null (Ho)

H0 Decision at α =

Alternate (Ha)
P-value

0.05

D-PP

D-PA

T-PP

T-PA

WZone3D-PP = W

W Zone3D-PP < W

P=

Zone2D-PP

Zone2D-PP

.353

W Zone3D-PA = W

W Zone3D-PA < W

P=

Zone2D-PA

Zone2D-PA

.065

W Zone3T-PP = W

W Zone3T-PP < W

Zone2T-PP

Zone2T-PP

W Zone3T-PA = W

W Zone3T-PA < W

1.1

Fail to reject

1.2

Fail to reject

1.3

1.4
Zone2T-PA

P < .05

Reject

P < .05

Reject

Zone2T-PA

The sub-hypotheses presented in this section confirms that active DRTRS had a significant
effect on reducing speeds for top-speed vehicles, regardless of pedestrian presence in the
crosswalk. Consequently, the study suggests that DRTRS could be an effective traffic-calming
device for any vehicles moving at speeds higher than 33 mph (85th percentile speed). However,
the study did not find enough evidence of speed reductions for design-speed vehicles. Drivers of
design-speed vehicles might already be cautious about the presence of pedestrians, so active
DRTRS was not necessary to capture their attention.
6.8.2 Discussion about DRTRS Performance as Traffic Calming Device
Active DRTRS can engage two types of cognitive senses to drivers, auditory and tactile. If
the magnitude of that cognitive warning is above the discernable level, then a driver can perceive
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it and act accordingly to slow down their vehicle. Active DRTRS is effective in engaging those
cognitive sense levels for drivers of top-speed vehicles. Active DRTRS is significantly effective
in reducing speeds for top-speed vehicles with any pedestrian status in the crosswalk. From the
experimental results, for top-speed vehicles, active DRTRS reduces their mean vehicle speeds up
to 14.6 mph. Besides, drivers also maintain less variation of speed with focused driving after
crossing active DRTRS. However, for design-speed vehicles, the study found no significant speed
reductions. This phenomenon can be attributed to drivers approaching DRTRS rumble unit at
slower speeds due to early awareness of pedestrians, which causes no significant changes in speed
while traveling through active DRTRS.
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CHAPTER 7: PEDESTRIAN DEMAND PREDICTION WITH DEEP
LEARNING
7.1 INTRODUCTION
Chapter 7 is organized based on Objective 4 to answer its associated research question –
Q4: How can pedestrian crossing demand be estimated/predicted (with deep learning)?
This chapter of the dissertation investigated the prediction of pedestrian crossing events
which will be utilized for the timed activation of the DRTRS system. In order to study changing
DRTRS activation patterns over time, Deep Learning (DL)-based time-series forecasting was
applied to predict the pedestrian crossing data. To formulate the activation schedule, the study
identified, trained, and predicted the time of the pedestrians’ crossing events through the crosswalk.
This research acquired the time of pedestrian crossing events downstream of DRTRS rumble unit.
The study section sets a list of relevant objective parameters associated with pedestrians crossing
events, with the corresponding parameter units within the parentheses:
•

Start time of pedestrian crossing event (clock reading)

•

End time of pedestrian crossing event (clock reading)

•

Duration of crossing event (seconds)

•

Number of pedestrians (count)

The Objective 4 can be used to change the DRTRS activation time. During a timeframe
with a low number of pedestrian crossings, there could be a tight activation window with a short
activation length for each individual event. However, when pedestrian crossing counts are higher,
the system increases the activation length. This could help prevent unnecessary activation and
deactivation of DRTRS’ rumble units between high frequency of pedestrian crossings.
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7.1.1 Scope of Objective 4
In predicting pedestrian demand with a DL method, the scope of Objective 4 is the
quantitative analysis of pedestrian crossing events and their associated times for the DRTRS
system’s experimental setup on the research area. This scope is limited to analysis of the acquired
pedestrian event data of three weeks; however, it paves the way for replicating the similar analysis
method with real-time big data in future. It also conducted selection of the prediction model, time
series forecasting, and cross validation, followed by the application of the result output.

7.1.2 Schematic Diagram of the Methodology for Objective 4
Time series analysis using the DL model provides a predicted crossing count which can be
used to change the DRTRS activation time that ensures the DRTRS is active when pedestrians are
present in high numbers. Figure 40 presents the schematic of the methodological flow diagram for
Objective 4.
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Figure 40: Process Flow of the Tasks of Objective 4
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7.2 SELECTION OF THE PREDICTION MODEL
For prediction purposes, time series analysis has been used as one of the most popular
methods for making predictions based on historical time stamped data (pedestrian historical data)
(Shen et al. 2020). In classical time series analysis, the moving-average method is a common
approach for modeling univariate time series, which can smooth out short-term fluctuations and
highlight longer-term trends or cycles (Hansun 2013). Another classical method, named as the
exponential smoothing method, assigns exponentially decreasing weights as the observation get
older (Wold 1994). Intuitively, it discounted the past data in a more gradual progression compared
to the recent ones. However, the classical time series analysis methods have certain limitations
(Durbin and Koopman 2000), such as•

Missing values are not supported.

•

Classical models assume the data has linear relationships.

•

These models work on univariate data. Most of the models in classical time series
forecasting don’t support multiple variables to be taken as inputs.
To address those limitations, this study conducted time series analysis using a DL model.

The DL model is better suited to capture the non-linearity present in the system generating the
data, since it performs the non-linear auto regression of the past values to predict the future values
of the process (Bhardwaj et al. 2020). In addition, the DL model has three main intrinsic
capabilities that can contribute to time series analysis for the prediction of the time of pedestrian
crossing events (Najafabadi et al. 2015). The intrinsic capabilities are described below.
Capability 1- The DL neural networks are capable of automatically learning and extracting
features from raw and imperfect data: The collected pedestrian data by TrafiSense™ are in raw
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JSON file format. In addition, there might be a number of missing values because of the weather
and uncertainty issues.
Capability 2- The DL model supports multiple inputs and outputs: The current prediction
is a univariate prediction. However, in the future development, multivariate parameters, such as
pedestrian type, pedestrian speed, push button, and accessible pedestrian, can be associated in
developing the prediction model.
Capability 3- The DL networks are good at extracting patterns in input data that span over
relatively long sequences: The DRTRS is to be deployed in a regular roadway. As the day will
pass, the dataset will be substantially bigger with real time TrafiSense™ feed.
Considering the above-mentioned three facts, time series analysis using the DL model has
been deployed for prediction. In addition, as the future development of the system can be integrated
with multivariate parameters (Capability 2) and real time big data (Capability 3), the
implementation of the DL model for time series analysis would be one of the appropriate methods.
7.3 TIME SERIES FORECASTING USING DEEP LEARNING
Given the computing capacity in recent years and growing availability of data, the DL
model has become a significant data training tool for the new generation of time series forecasting
models (Shen et al. 2020). Among the DL models for prediction, Recurrent Neural Networks
(RNNs) such as Long Short-Term Memory (LSTM) has been widely used in practice (Sagheer
and Kotb 2019) due to their ability to model complex relationships in the data.
7.3.1 Long Short-Term Memory (LSTM)
The traditional RNN can give accurate predictions of sequential data from recent
information; however, it lacks an efficient mechanism of storing data in the long-term memory
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(Yang et al. 2019). The LSTM (a variant of RNN) tackled the problem of long-term dependencies
of RNN by retaining the information for long periods of time (Gers et al. 2002; Hochreiter and
Schmidhuber 1997; Yang et al. 2019). It helps preserve the error that can be backpropagated
through time and layers (Hochreiter and Schmidhuber 1997). By maintaining a more constant
error, it allows recurrent nets to continue to learn over many time steps (> 1,000), thereby opening
a channel to link causes and effects remotely (Gers et al. 2002).

7.3.1.1 Mathematical formulation of LSTM
The LSTM structure has three gates as noted in Figure 41—forget gate, input gate, and
output gate. The mathematical formulations of each gate is denoted by Equation 12, Equation 13,
and Equation 14.

𝑓𝑡 = 𝜎𝑔 (𝑊𝑓 𝑥𝑡 + 𝑈𝑓 ℎ𝑡−1 + 𝑏𝑓 )

Equation 12

𝑖𝑡 = 𝜎𝑔 (𝑊𝑖 𝑥𝑡 + 𝑈𝑖 ℎ𝑡−1 + 𝑏𝑖 )

Equation 13

𝑜𝑡 = 𝜎𝑔 (𝑊𝑜 𝑥𝑡 + 𝑈𝑜 ℎ𝑡−1 + 𝑏𝑜 )

Equation 14

where, ft, it, and ot are the forget gate, input gate, and output gates’ activation vectors, respectively.
The cell values, xt, ht-1, and b are the input vector, the previous hidden state, and bias vector
parameters to the LSTM. The subscript t is a 15-minute time window and the value of xt is the
number of pedestrians crossing in the 15-minute window. Thereafter, the total sequence input
length in the data is 24 hours * 4 (15 min intervals) = 96 length sequence. Moreover, there are two
weight metrices, denoted as W and U in the equations. Lastly, 𝜎𝑔 represents the sigmoid function.
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7.3.1.2 Structure of LSTM
The unrolled LSTM has a chain structure that contains neural networks and different
memory blocks called cells. Information is retained by the cells and the memory manipulations
are performed by the above-mentioned three gates. The details of gates are described as follows:
Forget Gate: The first gate of the LSTM structure is the forget gate. The information which
is no longer useful in the cell state (Ct-1) is removed with the forget gate. Two cell inputs xt (input
at the particular time) and ht-1 (previous cell output) are fed to the gate and multiplied with weight
matrices followed by the addition of bias (Equation 12). The result is passed through the sigmoid
function which gives a binary output (Gers et al. 2002; Hochreiter and Schmidhuber 1997). If an
output being close to zero means that the information can be forgotten, whereas an output being
close to one means that information can be retained for future use (Hochreiter and Schmidhuber
1997).
Input gate: The second gate of the LSTM structure is the input gate used to update the cell
state. First, the information is regulated using the sigmoid function (outputs closer to one indicate
more significance of the inputs) and values are filtered to be remembered similar to the forget gate
using inputs ht-1 and xt (Equation 13). Then, a vector, which contains all the possible values from
ht-1 and xt is created using tanh function to squeeze values between minus one and one. At last, the
values of the vector and the regulated values are multiplied to obtain the useful information (Gers
et al. 2002; Hochreiter and Schmidhuber 1997).
Output gate: The third and final gate is the output gate which decides the value of the next
hidden state. First, a vector is generated by applying a tanh function on the cell. Then, the
information is regulated using the sigmoid function and filter the values to be remembered using
inputs ht-1 and xt (Equation 14). At the end, the tanh output is multiplied to decide what information
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the hidden state should contain (Hochreiter and Schmidhuber 1997). The output is the new hidden
state (ht). The new cell state (Ct) and the new hidden state (ht) are then carried over to the next time
step.

Figure 41: Structure of Long Short-Term Memory (LSTM)

7.4 DATA COLLECTION
Data for the pedestrian crossing events were collected using the TrafiSense™ in parallel
with Experiment 3 of Objective 3. The study acquired the real-time pedestrian data through the
TrafiSense™ real time API event. In the data acquisition program, communication was initiated
141

with the server through a Websocket™ where pedestrian event data (e.g., pedestrian detection)
was provided in JSON format. The pedestrian event file contained, a unique event number, time
of entry on the crosswalk, time of exit from the crosswalk, and other associated parameter values.
There are 12,476 pedestrian event data continuously collected for 21 days and stored in server of
a Linux CentOS 7.8 operating system.
7.5 DATA PREPARATION AND ANALYSIS
The pedestrian data collected in JSON file format were converted to MATLAB native file
format (.mat). The author used MATLAB R2021a for data preparation and analysis. This section
discusses, in detail, the data classification and preparation needed for subsequent analysis.

7.5.1 Identify the Sequence of Pedestrian Data Based on Days of the Week
The duration of crossing event for each pedestrian was calculated by taking the difference
between the start and end time of each pedestrian’s crossing event. The duration of pedestrians’
crossing event were classified according to the days of the week. The days of the week data were
then grouped according to the weekdays (Monday to Friday) and weekends (Saturday and
Sunday). As seen in Figure 42, there is significant difference between pedestrian weekday and
weekend patterns. From the weekday sequence plot, there are clear peaks in pedestrian at
consistent times during each day between 08:00-19:00. These peaks are expected to correspond to
passing periods between university classes. In contrast, there are no apparent trends for weekends
except a reduced number of pedestrian crossings. The remaining analysis only considered the
weekday data.
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a) Weekday

b) Weekend

Figure 42: 24-Hour Pedestrian Crossing Data

7.5.2 Train LSTM Network with the Pedestrian Data
7.5.2.1 Partition the training and test data
In order to train the LSTM model, the weekdays data was split into non-overlapping
training and test data. Given the five days of the week, four days were used for training while the
final day was used for testing. Training comprised on four weekdays and testing performed on the
remaining day. Consequently, the study calculated the prediction error for each day of the week.
In addition, the study conducted the day forward-chaining cross validation for the time series data
as described in section 7.5.4.
7.5.2.2 Standardize Data
Data standardization is the process of transforming data into a consistent format, enabling
analysts and others to research, analyze, and use the data. Standardization refers to the process of
placing different variables on the same scale in order to compare the values between different types
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of variables. For better adaptation and prevention of training divergence, the study standardized
the training data with zero mean and unit standard deviation. For the prediction, the same
parameters as the training data were utilized to standardize the test data.
7.5.2.3 Prepare Predictors and Responses
Variables in the experiment that affect the response and can be set or measured by the
experimenter are called predictor, explanatory, or independent variables. Other variables of
interest (measured or observed variables) in the experiment are called response variables or
dependent variables. In order to predict the value of the sequence in the future time step, the study
designated the responses as a training sequence, with the value shifted by one time step.
Consequently, at each time step of the input sequence, the LSTM network learns to predict the
value of the next time step.
7.5.3 Define the LSTM Network Architecture
There are three components, which need to be defined for the LSTM network. The three
components are—number of epochs, exploding gradients, and learning rate.
Number of epochs: The number of epochs is a hyperparameter that defines the number of
times the learning algorithm iterates through the entire training dataset. One epoch means each
sample in the training dataset has had an opportunity to update the internal model parameters. For
better training purposes, the LSTM regression network was constructed on high number of epochs.
Exploding gradients: In the neural network architecture training, large updates to weights
can cause a numerical overflow or underflow referred to as “exploding gradients” (Pascanu et al.
2013). The exploding gradients is a problem in the LSTM network given the accumulation of error
gradients in the unrolled recurrent structure. It can be resolved by gradient scaling, which involves
normalizing the error gradient vector, as the vector norm (magnitude) equals a defined value. To
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restrict the exploding, the gradient threshold of the network was set to 1 (Cooijmans et al. 2016;
Pascanu et al. 2013).
Learning rate: After specifying the gradient threshold, the learning rate was specified for
the network. The learning rate is a configurable hyperparameter used in the training of the LSTM
networks. This hyperparameter ranging between 0.0 and 1.0 (Gers et al. 2002) controls how
quickly the LSTM model is adapted for prediction of the pedestrian crossing events over the hours
of the day (Gers et al. 2002). Smaller learning rates require more training epochs given the smaller
changes made to the weights for each update, whereas larger learning rates result in rapid changes
and require fewer training epochs. A traditional default value for the learning rate is 0.1 or 0.01.
However, for this network architecture, as there are a high number of epochs, the initial learning
rate was specified small as 0.005 for better model learning. After 125 epochs that was dropped by
multiplying by a factor of 0.2 for more accurate prediction.
The LSTM network was run on Windows OS 10 configured with AMD Ryzen 7 4800U
1.80 GHz CPU, and 16 GB LPDDR4x 4266MHz RAM. The network was built using Deep
Learning Toolbox™ of Matlab R2021a. The total runtime on the workstation for 250 epochs and
250 iterations is 37 seconds.
7.5.4 Cross Validation in Time Series
Cross-validation (CV) is a popular technique for tuning hyperparameters and producing
robust measurements of model performance. The most common type of CV is k-fold crossvalidation. However, the traditional CVs (like k-fold) are not appropriate to be used for the
following two reasons (Bergmeir and Benítez 2012)Temporal dependencies: There is a temporal dependency between observations which must be
preserved during testing.
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Arbitrary choice of test set: In the case of time series, random samples cannot be chosen and
assigned to either the test set or the train set which might assign the values from the future to
forecast values in the past.
In order to produce a better estimate of model prediction error, the study used day forward
chaining. Using this method, each day was considered as the test set, and all other weekdays’ data
were assigned into the training set. As an example, the pedestrian dataset was comprised of five
days, three different training and test sets were split, as shown Figure 43. The Mean Square Errors
(MSEs) of three different train/test splits were averaged to compute a robust estimate of the model
error. The associated analyzed data are presented in Table 23.

Figure 43: Day Forward Chaining
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Table 23: Day Forward Chaining CV Results for Weekdays Data
Training subset

Validation

Testing subset

MSE

R2

subset
Monday

Tuesday

Wednesday

453.20

0.85

Monday + Tuesday

Wednesday

Thursday

329.65

0.86

Monday + Tuesday + Wednesday

Thursday

Friday

288.75

0.91

357.20

0.87

Average

From the analyzed data, the averaged MSE of three different train/test splits is 357.20. The
R2 indicates that 87% of the variance in the dependent variable can be explained collectively by
the independent variables.
The study also used Root Mean Square Error (RMSE) to measure the error of the LSTM
network. The RMSE was calculated using Equation 15.
𝑛

𝑅𝑀𝑆𝐸 = √∑
𝑖=1

(𝑦̂𝑖 − 𝑦𝑖 )2
𝑛

Equation 15

where 𝑦̂1 , 𝑦̂2 , 𝑦̂3 are the predicted pedestrian frequency values; 𝑦1 , 𝑦2 , 𝑦3 are the observed
pedestrian frequency values, and n is the number of observations in each time stamp.
7.6 RESULT AND DISCUSSION
After preparing the network architecture, the time of pedestrian crossing events and their
frequencies were analyzed with the LSTM network for time series prediction. The analyzed results
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predict the data, compute its errors, and update the network feed with observed values for improved
predictions.
The predictions with the LSTM Training were conducted using two values—predicted, and
combination of predicted and observed. The predicted values were from the prediction model, the
values for the test data were entirely from the prediction as learnt by the training dataset. The
combination of predicted and observed values were from the real observed dataset, if there was
any intermediary observed value, then it would replace the corresponding predicted values for
better prediction results. Figure 44 shows the RMSE for prediction of each individual weekday
data (using both predicted and combined) along with the average value. The RMSE values of the
LSTM model (using both predicted and observed) for Monday and Friday are smaller than the
corresponding average values. In addition, the RMSE for the LSTM model using predicted values
of Friday is eight unit smaller than Monday, yielding better predictions. Consequently, the study
presented the detail discussion on LSTM prediction for the Friday data.
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Figure 44: RMSE for Prediction of Each Individual Weekdays

7.6.1 Train and Forecast Future Time Steps using Predicted Values
Four days of data of a week (from Monday to Thursday) were selected as the training set
to predict the data for the fifth day (Friday). From the analyzed results, as presented in Figure 45,
it can be inferred that, the LSTM network addresses the hourly variations of the pedestrian
frequencies over the hours of the day. However, the magnitudes of the variations are not properly
addressed with the predicted values. For example, around at 8 am, the observed pedestrian
frequency is around 70, whereas the model predicted that to be around 160. The error graph shows
the error bars ranging from -42 to 142 with RMSE value of 35.20. The error bar in Figure 45 (b)
has overtraining and undertraining issues with large magnitudes.
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a) Predicted pedestrian frequency

b) Prediction error

Figure 45: Time of Pedestrian Frequencies based on Predicted Values for Friday

7.6.2 Train and Forecast Future Time Steps using the Combination of Predicted and
Observed Values
For better results of the model to predict pedestrian frequency, the time steps between
predictions were updated with the observed values instead of the predicted values. To make
predictions on a new sequence, the network state was reset to prevent previous predictions from
affecting the predictions on the new data. The predictions with the observed value provide more
accurate predictions with lower RMSE.
Figure 46 presents the predictions based on time series analysis (LSTM) using the
combination of predicted and observed values. With the combined values, error bar ranges from 51 to 98 which spans less compared to the output from predicted values. In addition, the RMSE
for the prediction is 20.80 which is about 43% smaller than predicted values in section 7.6.1. With
the fitted combined values, the prediction values are more likely to be aligned with the predictors.
150

Figure 46 (b) clearly demonstrates the less overtrained and undertrained values compared to Figure
45 (b). The analyzed results show that the predicted pedestrian frequency adjusted the hourly
variations from 8:00 am to 7:00 pm closely aligned with the observed data. Using the real-time
observed data, as the pedestrian feed from TrafiSense™, the model output from the LSTM network
can update the time of the pedestrian crossing events with smaller RMSE values.

a) Predicted pedestrian frequency

b) Prediction error

Figure 46: Time of Pedestrian Frequencies based on the Combination of Predicted and
Observed Values for Friday

7.6.3 Potential Application of the DRTRS System’s Operation based on Preliminary
Results
The prediction model using the LSTM network would help to initiate a direction on
prediction for time of the pedestrian crossing events which can be integrated with the scheduling
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of the system operation. The continuous TrafiSense™ feed will enrich the data that will yield a
more accurate training set. Consequently, the system will have more accurate prediction based on
enriched historical data. Based on that prediction, the DRTRS system can be programmed for the
following events.
School area: Instead of being always active during the schooling hours, the system can be
trained to activate during the high frequency pedestrian crossing time, as obtained from the
historical data. There might be daily, monthly, or seasonal variations of pedestrian crossing events
which can be addressed with the prediction from the DL model. The more the system can predict
the actual pedestrian events, the more it will be dynamic in response to the pedestrian events which
will yield better roadway experience to users.
Peak hour: The peak hour volume is the volume of traffic which uses the approach, lane,
or lane group during the hour of the day which observes the highest traffic volumes for an
intersection. The peak hour is not always constant on specific hours, might vary with the traffic
characteristics. The prediction using the DL model can address the peak hour variations over the
days for the DRTRS system operation.
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CHAPTER 8: CONCLUSION AND DISCUSSION
This chapter summarizes the research findings and discusses their potential use cases. The
discussion of system improvement and future research follows.
8.1 SUMMARY
Active DRTRS is effective in engaging the cognitive senses of drivers in the form of sound
and vibration, which reduce their vehicle speeds as static TRS does. Based on the effectiveness of
DRTRS, the researchers found it feasible to propose as one of the alternatives of static TRS with
its added benefits of on-demand activation. If not required, DRTRS will remain inactive, and
drivers will experience the natural driving feeling as they do in the ambient roadway. In addition,
the activation mechanism of DRTRS can be adjusted according to the roadway type and
installation purpose. For instance, on a signalized intersection, timed and on-demand activation
can be established, whereas, at school zones, automatic activation during school hours can be
programmed.

8.2 IDENTIFIED POTENTIAL DEPLOYMENT
Based on the obtained results, DRTRS is recommended for areas prior to road crosswalks,
especially where vehicles moving at speeds greater than 25 mph are expected. This can be
potentially useful for school zones, where DRTRS can remain active during school hours to alert
drivers regardless of pedestrian presence. Outside of school hours, DRTRS can remain inactive
acting as the ambient roadway. In addition, the DRTRS system can be a potential application on
roadways as a warning tool for over-speeding vehicles, with on-demand activation if drivers
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exceed the posted speed limits. Based on the nature of the system’s application, it also has potential
scope for other practical usage, i.e., Wrong-Way Driving (WWD), RailRoad crossings (RR), etc.
In response to the prevailing conditions of WWD, DRTRS is one potential alternative
involving drivers’ auditory and tactile senses, as it is active (lowers or raises an array of strips)
only when necessary to alert drivers of WWD traffic, and remains inactive for correct directional
traffic. Moreover, WWD crashes can be reduced by increasing countermeasure numbers and
diversity (Boot et al. 2015), and the newly developed DRTRS is a diverse addition to existing
countermeasures for preventing WWD crashes.
Due to concern about potential crashes at railroad crossing, several safety countermeasures
are in practice, either stand-alone or in combination with others. DRTRS could be a potential
addition to the listed countermeasure for railroad crossings that would be activated based on the
trains’ approach. The addition of DRTRS in railroad crossings could be effective way of reducing
crashes at railroad intersections.

8.3 SUGGESTIVE FUTURE PROPOSAL FOR THE SYSTEM’S IMPROVEMENT
The study proposed three suggestions for system improvement. These proposed
suggestions are expected to make the system more efficient as a traffic calming device.
8.3.1 Upgradation of the Constructed Prototype
The first prototype of DRTRS suffered a few minor issues, such as not being completely
level with the roadway surface during its inactive state and displacement of the rumble unit itself
which generated unwanted sound and vibration. In addition, when vehicles ran over active
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DRTRS, the rumble units made subtle rattling noise. The above-mentioned uneven rumble unit
and rattling noise due to the displacement issues can be fixed in future updates.
8.3.2 Appropriate Synchronization of System Equipment
Currently, the cameras (TrafiSense™ and TrafiRadar™) are not synced with the
communication unit of the DRTRS system. Therefore, for data collection purposes, the activation
and deactivation mechanisms of the DRTRS system were operated manually. The communication
between the cameras and DRTRS were designed with radio communication, which will be a
potential added upgrade of the next DRTRS system prototype. The upgrade will include
communication among the cameras, DRTRS, and the pedestrian push button. This communication
will facilitate the system to operate DRTRS (activate/ deactivate), as per the below associated
events (to mention a few):
•

Presence of inattentive pedestrians in the crosswalk (signal from TrafiSense™ to DRTRS)

•

Presence of attentive pedestrians in the crosswalk (signal from pedestrian push button to
DRTRS)

•

Over-speeding vehicles (signal from TrafiRadar™ to DRTRS)

•

Wrong-way driven vehicles (signal from TrafiRadar™ to DRTRS)

8.3.3 Deployment on the Regular Roadway to have Drivers’ Naturalistic Feedback
The experiments with the DRTRS system were conducted within the UNLV jurisdiction
area. The sound and vibration experiments were performed under the controlled environment with
informed drivers. In addition, most of the stakeholders of the experiments were from a selective
demography such as university professors, staffs, and students.
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The deployment of DRTRS on a regular roadway with regular ongoing traffic will yield
more naturalistic drivers’ feedback. The results from the experiments on the regular roadway
would cover the diverse demographic population. A future study would have the scope to expand
the experiment from a university road to neighborhood roads, intersections, arterial roads, or even
highways.
8.4 CONCLUSION
Static TRS has been extensively used as a traffic calming device to provide cognitive alerts
(auditory and haptic) to drivers upstream of a roadway section. However, TRS always remains
fixed on the road and thus exerts cognitive alerts, irrespective of any potential downstream hazards.
Moreover, the continuous exposure to rumble strips has been identified as a source of discomfort
and annoyance for drivers (Fontaine and Carlson 2001; Miles et al. 2006; Porter et al. 2004), which
limits its application to potentially useful scenarios. This study explored the appropriate design
dimensions and operation scheme, sound and vibration effect, speed-reducing effect, and
pedestrian demand-based activation of DRTRS, a rumble strip design with dynamic behavior, in
order to address the limitations of static TRS.
To sum up, the study explored four main aspects of DRTRS for designing and evaluating
its effectiveness. First, the study identified the optimum design dimensions followed by installation
and operation procedures. Based on literature review, DRTRS was developed with optimum
dimensions for the rumble units consistent with the most jurisdictions. After DRTRS development,
the installation of a prototype DRTRS system, crosswalk construction, and camera installation
were performed. Thereafter, the study described the operation of the system including calibration
of the cameras, detection of pedestrians, detection of vehicles, and communication between the
DRTRS system and roadway events. Second, the study conducted quantitative experiments of in156

vehicle sound and vibration to evaluate drivers’ feelings in response to active DRTRS, and
compared the parameters with those from inactive DRTRS and the ambient roadway. The
experiments were conducted with high frequency sound and vibration data as obtained by SLM
and accelerometer, respectively. The analysis included the effects of vehicle speeds and vehicle
weights as contributing factors of in-vehicle sound and vibration. Third, based on the speed
profiles obtained through vehicle detection and tracking, the study conducted quantitative analyses
of the trends in speed profiles to evaluate the effectiveness of active DRTRS on drivers’ speedreducing behavior. The experiments were conducted on a road with a speed limit of 25 mph prior
to a crosswalk. The analysis included the factors, such as pedestrians’ presence/absence status
around the crosswalk and vehicle speeds which influenced the speed reduction caused by active
DRTRS. Fourth, the study predicted the pedestrian demand upon which the activation mechanism
of the DRTRS system can be programmed and adjusted with longer and shorter activation length.
The associated task conducted time series analysis to include the hourly variations of the
pedestrians over 24 hours of the day.
The study identified and selected the optimum width and depth of the rumble units of the
DRTRS prototype were 4-inchs and 0.5-inch, respectively, which can be easily adjusted as per the
requirements of the jurisdictions. The analyses revealed that active DRTRS with the design
dimensions as selected, were shown as effective in engaging the auditory senses of drivers, by
generating in-vehicle sound above the minimum threshold of discernable sound for passenger
vehicles, including an SUV and a sedan. However, at higher speeds, DRTRS did not create
distinguishable in-vehicle sound for a diesel truck. Nonetheless, active DRTRS were effective in
engaging the haptic senses of drivers, which are associated with sufficient in-vehicle vibrations,
irrespective of vehicle type or running speed. Thereafter, the engagement of drivers’ cognitive
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senses yielded by active DRTRS had a significant effect on reducing vehicle speeds. For top-speed
vehicles, DRTRS can reduce speeds by 14.6 mph in the presence of pedestrians around the
crosswalk and by 11.9 mph with no pedestrians around the crosswalk. For design-speed vehicles,
when pedestrians were present around the crosswalk, the speed reduction was less noticeable, as
it could be understood that drivers decreased their speed before entering the test area when they
observed pedestrians around the crosswalk. Given that reducing the speed of top-speed vehicles is
critical to minimize potentially hazardous situations, the presented results suggest that the DRTRS
system has significant potential to be widely used in applications where drivers require a demandbased alert. Examples of these applications are the prevention of distracted driving prior to an
intersection or crosswalk, the warning of wrong-way driving, and the minimization of overspeeding vehicles at school zones. In addition, instead of continuous activation and deactivation
of the system in response to roadway events, the system can be set for flexible activation length
based on the need from the crosswalks identified by pedestrian presence and prediction algorithms.
For future studies, the selected DRTRS design will be further improved and optimized from
this experimental design for real deployment on roadways to test its effect on other aspects, such
as driver behavior and reduction of actual crashes or near-miss events. In addition, roads with
different parameters such as speed limit, functional classification (e.g., rural, urban, arterial, and
intersection), number and size of lanes, and visibility conditions can be tested to evaluate the invehicle sound and vibration as well as the speed reducing behavior of drivers in response to
DRTRS.
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APPENDIX A
Technical specifications of Quest Model

Linear Weighting with an Octave Filter

2700 Impulse Sound Level

Set. The minimum measurement varies

Meter

Standards:

depending on the filter frequency selected.

Model 1700 : Type 1

Maximum Measurement:

Model 2700 : Type 2 ANSI S1.4-1983,

With Model BK4936 or QE7052

IEC 651-1979.

Microphone -- 120 dB with 20 dB Crest

Display:

Factor. (140 dB if measuring a sinusoidal

3-1/2 Digit Liquid Crystal Display with an

signal.) Overload indication will occur if

additional Quasi-Analog 60 dB indicator

the upper range is exceeded. Optional

in 2 dB increments. The level display

microphones for model 1700 will shift the

indicates to 0.1 dB resolution. Indicators

measurement range upward.

are included for Battery Check, Hold, and

Frequency Weighting Networks:

Overload Indication.

A, B, C, and Linear. When using a filter

Modes of Operation:

set, any one of the weightings may be

Measures Sound Pressure Level (SPL)

selected.

and Maximum Level (MAX). Peak Level

Meter Response:

(PEAK) and Impulse Level (IMP) can

Slow, Fast, Impulse, and Peak. (The Peak

also be measured.

onset time constant is less than 50

Minimum Measurement:

microseconds). Peak measurements may

Model 1700 Meter only; With Model

be made in either A, B, C, or Linear

BK4936 Microphone -- 27 dBA.

Weighting.

Model 2700 Meter only - 35dBA. Using

Microphones:
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Removable precision 1/2 inch pre-

pre-polarized (electret) condenser

polarized condenser (electret) microphone

microphones.

is standard. Optional 1/2 inch, one inch,

Meter Input:

and other microphones are available for

The input impedance is 1 Megohm in

the model 1700 only.

series with 0.1 MFD. The maximum

Preamplifier:

sinusoidal input voltage is 10V RMS.

Directly accepts 0.52'' microphone, other

AC Output:

sizes with proper adapter. The removable

3.16 V RMS at full scale (60 dB). (3.8 V

preamp will drive up to 100 feet of cable

RMS maximum) The output impedance is

with negligible signal loss.

3.2K ohms. Connected equipment should

Model 1700: Preamplifier model 056-856.

be at least 10K ohms. The output can be

The input impedance

shorted without damaging the meter or

is greater than 1 Gohm in parallel with 2

changing the meter reading.

pF.

DC Output:

Model 2700: Preamplifier model 056-852.

0 to 1.00V DC; 60 dB span. Each 0.167V

The input impedance

change equals 10 dB. Connected

is greater than 1 Gohm in parallel with 47

equipment should be at least 10K ohms.

pF.

The output can be shorted without

Polarization (1700 only):

damaging the meter or changing the meter

Regulated 200 V DC within 2% for use

reading.

with air- condenser microphones. The

Frequency Range:

voltage must be switched off when using
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4 Hz (-3dB) to 50 kHz (-3dB) on linear

Primary Indicator Range / Linearity

weighting, meter only. (Subject to

Range:

microphone limitations.)

60 dB (The range as indicated by both the

Reference Range:

dB RANGE switch and the painted 60 dB

60 to 120 dB Range setting

scale.) Tested with a sinusoidal signal

Reference SPL:

input.

94 dB

Level Linearity:

Reference Frequency:

Inside the Primary Indicator Range. It is

1 kHz

tested on the Reference Range (60 to 120

Reference Direction:

dB) with a sinusoidal input signal.

0o when using a Free Field Microphone.

Tolerance is +/- 0.7 dB referenced to 94

Sound is arriving from directly in front of

dB for model 1700, +/- 1.0 dB for model

the microphone diaphragm.

2700.

Detector:

Overload Indication:

True RMS

OL appearing in the display indicates

Detector Pulse Range:

overload.

63 dB

Attenuator Accuracy:

Detector Measuring Range:

Referenced from the Reference Range and

From 0 dB to 40 dB on the painted scale

the Reference SPL (+34 dB on the painted

(when measuring a signal with a 20 dB

meter scale).

Crest Factor). The extra 20 dB (40 to 60)

Model 1700: Within 0.5 dB from 31.5 Hz

on top of the measuring range produces

to 8 kHz. Within 1.0

the 20 dBCrest Factor capability.

dB from 20 Hz to 12.5 kHz.
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Model 2700: Within 0.7 dB from 31.5 Hz

Model 1700 : Within 0.5 dB at 25oC;

to 8 kHz.

Model 2700 within 0.7 dB at 25oC.

Warm-up Time:

Both models: Within 1.0 dB over the

30 seconds.

temperature range of -10

Accuracy:

Figure 47: Quest Model 2700 Impulse Sound Level Meter
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APPENDIX B
Technical specification of the ENDEVCO 45A series accelerometer

Dynamic characteristics: Units 45A18 45A19
Range: g ±10 ±5
Sensitivity: ±10%
mV/g: 500 1000
Frequency response
Resonance frequency
Typical kHz: 28 28
Minimum kHz: 21 21
Amplitude response: ±5%
y & z axis Hz: 0.5 to 6000 0.5 to 6000 ±5%
x axis Hz: 0.5 to 3000 0.5 to 3000
Phase response
<5º

Hz

5 to 1500

5 to 1500

Sensitivity deviation over temperature
-67ºF to +257ºF (-55ºC to +125ºC) %

-5 to +15

Transverse sensitivity
Typical

%

≤5

≤5

Maximum

%

7.5

7.5

Amplitude linearity

%

<1

<1
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-5 to +15

Figure 48: ENDEVCO 45A18 Accelerometer
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APPENDIX C
Technical

specifications

CONNECTIONS

of

&

TrafiRadar™

COMMUNICATIONS

Detection Functionalities

Connection

Conditional presence detection per

BPL (broadband over power line)

lane (outputs, events via TCP/IP or

for power supply and

serial)

communication

Dimensions

Data

4.5 x 2.2 x 6.5 in (115 x 57 x 165

Data per lane and per vehicle

mm)

(location, count, speed)

MTBF

Output
> 100,000 hours

4 outputs (output expansion
board(s) possible), SDLC via PIM

Camera
Color megapixel camera &

module, TCP/IP

Doppler radar

Network
IP-addressable

Controllers
For type 170, 2070, NEMA TS1 &

ENVIRONMENTAL

TS2 and ATC controllers

&

APPROVALS

Zones

EMC
Dilemma zone warning per phase

TrafiRadar Sensor: FCC Part 15 Class

and per vehicle (outputs, events

B, 2004/108/EC TI X-Stream Edge:

via TCP/IP or serial)

FCC Part 15, Class B
Protection Grade
165

IP68

TrafiRadar Sensor: Average power: 7
W (Peak power: 8.5 W) TI X-Stream

Temperature Range
-34° to 74°C (-29° to 165°F)

Edge: 4 W

OTHER

Power Supply
24 VDC

Filter_Environment
Intersections

VIDEO & RECORDING

POWER

Video Compression
H.264, MPEG-4, MJPEG

Power Consumption

166

APPENDIX D
Technical specifications of TrafiSense™

CONNECTIONS

Compression

COMMUNICATIONS

H.264, MPEG-4, MJPEG (dual

&

Ethernet

stream)

For communication of output state
events, configuration &

Detection Functionalities
Vehicle and bike presence,

monitoring (streaming video)

counting, inverse direction

ELECTRICAL & MECHANICAL

Dimensions (incl mounting bracket)

Contact Closures

Vertically mounted 45cm x 16cm

3 for ETH versions, direct or via

x 12cm (17.7 x 6.3 x 4.7 inch)

optional ETH interface (PN 10-

Horizontally mounted 41cm x

6075) 4 for TI x-stream EDGE

18cm x 12cm (16.1 x 7.1 x 4.7

(PN 10-6055), 12 extra outputs via

inch)

4/Os xp expansion boards

Functionality

PC Tool for Set-Up

Vehicle presence Bike presence

Traficon Configuration Tool
(TCT)

Resolution
QVGA (336 x 256)

ENVIRONMENTAL & APPROVALS

Sunshield

EU Directives
Optional

EMC 2004/108/EC

Type

FCC
Long wave Infrared (7 – 14 µm)

FCC part 15 class A
Protection Grade

167

Housing = IP68, Connectors = IP67

24 vehicle presence zones 4 bike
presence regions 8 inverse direction

RoHS 2011-65-EU
0-95% relative

zones
POWER

Shock & Vibration
NEMA II specs

Current Consumption
< 150mA @ 24VDC (< 200mA @

Temperature Range
From -34°C to +80°C (-29°F to 165°F)

24VDC peak at start-up)

IMAGING & OPTICAL

Input Power
12-42VDC, 12-30VAC

Field of View
Horizontal: 17° Vertical: 13°

Power Consumption
≤ 3,6W (≤ 4,8W peak at start-up)

Focal Distance
19 mm

SHIPPING INFORMATION

Frame Rate

Material
30 FPS

All weatherproof (UV-resistant)

OTHER
Number of Detection Zones
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Graduate Engineer
November 2021 – to date
➢ Conduct traffic modeling and analysis
➢ Oversee integration of hi-tech and cutting-edge technology into traffic analysis
PTV America, Inc.
Arlington, VA, USA
Transportation Modeling Intern
June 2021 – November 2021
➢ Develop / convert network models in PTV Visum software which will be used for various
applications
➢ Perform work on developing mesoscopic simulation model(s) in PTV Visum software
➢ Test new feature(s) which are in development stage for PTV Vissim software
DAMA Consultants, Inc.
Chicago, IL, USA
Transportation Engineer Intern
January 2021 - February 2021
➢ Mobilize ArcGIS, Microsoft Office, excel and PowerPoint to assist with spatial data
analysis and report preparation
University of Nevada Las Vegas
Las Vegas, NV, USA
Graduate Research Assistant
August 2017 - December 2020
➢ Co-led research team to develop a new traffic safety countermeasure operated with ondemand activation
➢ Operated thermal and radar cameras for collecting, and evaluating traffic and drivers’
behavior
University of Toledo
Toledo, OH, USA
Graduate Assistant
August 2015 - May 2017
➢ Streamlined weather station data for modeling climatology of the Great Lake Basins
➢ Taught GIS and remote sensing at graduate level and demonstrated software applications
Rajdhani Unnayan Kartripakkha (RAJUK)
Dhaka, Bangladesh
Junior Urban Planner
March 2013 - March 2014
➢ Guided survey and design team to prepare the updated GIS map of Dhaka city, Bangladesh
from satellite imagery
EDUCATION
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University of Nevada Las Vegas (UNLV), Nevada, USA
PhD in Transportation Engineering
Dissertation: Safety effectiveness of a newly developed Demand Responsive
Transverse Rumble Strips
University of Toledo, Ohio, USA
Master of Geography and Planning (Transportation)
Thesis: Freight Flow, Pattern and Variable Magnitudes: Ins and Outs of
Midwest
Bangladesh University of Engineering and Technology (BUET), Dhaka,
Bangladesh
Bachelor of Urban and Regional Planning
Thesis: Location and impacts of educational institutes: a case study of
Dhanmondi residential area
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May 2021
GPA 3.67
July 2017
GPA 3.88
February
2013
GPA 3.61

